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ABSTRACT 
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In the retinofugal pathways of mammals, retinal axons undergo changes in 
fiber order from the optic nerve to the optic tract. The major questions asked in this 
thesis are to understand the guidance mechanisms that control the development of 
these fiber re-orderings in the mouse retinofugal pathway. The first issue is to see 
whether chondroitin sulfate proteoglycans (CSPGs), a major group of extracellular 
matrix molecules, are expressed at the chiasm, a decision region in the retinofugal 
pathway, of C57 mouse embryos. Immunostaining of CSPGs was found in the 
chiasm as early as embryonic day (E) 12 before the arrival of retinal axons. A 
characteristic expression pattern of CSPGs was seen during the major axon ingrowth 
period at E13 and E14, in which the CSPG-expressing cells follow an inverted V-
shaped configuration at the caudal diencephalon with a rostral extension across the 
retinal fiber layers at the midline of the chiasm. The CSPG-rich region appears to 
form the posterior border of retinal axons at the chiasm and to provide a substrate for 
the turning of axons into the ipsilateral optic tract. At E14 to E16, when substantial 
number of axons have entered the optic tract, intense staining of CSPGs is observed 
at the deeper part of the fiber layer at the junction of the chiasm and tract, suggesting 
that these molecules are associated with the chronotopic fiber reordering in this 
segment of the pathway. 
i 
The functions of CSPGs in patterning the axon orders in the retinofugal 
pathway were determined in a brain slice preparation of mouse embryos at E13 and 
E14, in the presence of chondroitinase ABC that removes the functional 
glycosaminoglycan chains from the proteoglycans. In the absence of CSPGs, as 
shown by the lack of label in the brain slices using antibody against CSPGs, 
abnormal routings of retinal axons were found in the chiasm. h\ E13 embryos, many 
axons deviate from their normal course when they enter the chiasm, cross the 
midline at aberrant positions and grow into inappropriate regions in the ventral 
diencephalon. These routing errors are not so obvious in preparations of E14 
pathways, but the uncrossed projection as seen in controls is absent after the removal 
of CSPGs. Furthermore, morphology of retinal growth cones in the pre- and post-
midline chiasm show a significant increase in their area, indicating that the response 
of retinal axons to the guidance cues at the chiasm are changed after CSPG removal. 
It is concluded that CSPGs are involved in patterning the routing of axons when they 
first enter the chiasm, and these molecules are probably involved in the control of 
both the partial decussation pattern before axons reach the midline, and the age-
related order at the threshold of the optic tract. . 
Another issue was to study the morphological changes of cellular elements at 
the chiasm after an early monocular enucleation in E13 mouse embryos. It was 
observed that eliminating retinal input from one eye at E13 does not produce any 
obvious changes in the cytoarchitecture of RC2 positive radial glia and neurons 
expressing SSEA-1, nor the expression pattern of CSPGs 24 hours after the lesion. 
While it has been shown that early monocular enucleation produces a reduction in 
ii 
the uncrossed pathway from the ventral temporal retina, the lack of changes in these 
cellular and molecular organizations indicates that the reduction in the uncrossed 
projection is probably caused by an elimination of binocular interactions at the 
chiasm, rather than through a degenerative change of cellular or molecular elements 
subsequent to the eye removal procedure. 
As a conclusion, the routings of axons in the chiasm of mouse embryos are 
under the control of multiple mechanisms. These mechanisms involve the interaction 
of retinal axons with cells in the chiasm that express CSPGs, and depend on the 
presence of retinal axons from the opposite eye. 
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利用免疫細胞化學方法觀察,發現在視纖維主要生長時間中(£12 - E16),CSPGs 
在視交叉內的表達與視纖維在視交叉內的生長有著空間及時間性的關聯.其後再 
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CHAPTER 1 GENERAL INTRODUCTION 
CHAPTER 1 
GENERAL INTRODUCTION 
In the mammalian retinofugal pathway, the optic axons convey visual 
information from the retina to the major subcortical visual targets in the 
diencephalon and midbrain. This pathway represents a typical example of highly 
complex central neural connections, which has been studied extensively for the 
understanding of the developmental mechanisms that govem formation of central 
pathways in the brain. The central issue to be addressed in this thesis is to 
understand how retinal axons find and recognize the way to their distant targets, 
using the retinofugal pathway of mouse embryos as a model. The optic chiasm, a 
region where several known fiber-sorting processes take place, will be the focus of 
the study. 
DEVELOPMENT OF THE MAMMALIAN RETINOFUGAL PATHWAY 
The retinofugal pathway is the axon connection between the retina and the 
central visual relays, such as the lateral geniculate nucleus (LGN) and superior 
colliculus (SC). During embryonic development, axons emanating from retinal 
ganglion cells travel through the optic stalk into the ventral diencephalon. Axons 
from both eyes meet together at the chiasm, forming an X-shaped pattern in the axon 
pathway at the midline of the ventral diencephalon. Some axons from one eye enter 
the optic tract on the same side, whilst others grow to the tract on the opposite side. 
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The optic chiasm is therefore representing a decision region where retinal axons 
from both eyes have to select whether to cross the midline or not. The majority of 
the axons that arise from the nasal retina cross the midline to the opposite 
(contralateral) side of the brain, whereas those from ventral-temporal retina or 
temporal crescent in rodents remain uncrossed and project to the targets on the same 
(ipsilateral) side of the brain (Polyak, 1957; Guillery, 1982). This specific pattem of 
axon segregation into crossed and uncrossed components allows the appropriate 
bilateral connections from corresponding retinal regions onto the target nuclei and 
forms an essential structural framework for binocular vision in mammals (Guillery, 
1982). However, the developmental mechanisms that control development of this 
bilateral projection are still not fully understood. 
Retinal Growth Cones in the Optic Pathway of Mouse Embryos 
During the initial stages of axogenesis, the distal ends of the growing axons 
are tipped with an expansion called a growth cone that was first described and 
named by Ram6n y Cajal (1890) over a century ago. The growth cones play a major 
role in determining the direction and distance of neuronal growth (Lockerbie, 1987). 
They grow in the developing pathway by reading guidance signals in different 
substrates along their way to target regions, and ultimately forming functional 
synapses with certain target neurons (Johnston and Wessells, 1980). They must have 
on their cell surfaces receptors and other cell adhesion or signaling molecules that 
allow the growth cones to read a variety of extrinsic guidance cues (Goodman and 
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Shatz, 1993). 
Hypothesis of the differences in growth cone morphology revealing 
differences in extrinsic guidance cues has been derived from earlier studies in 
insects. These studies demonstrated that the growth cone shapes transform during 
navigation along different segments of the pathway as a response to environmental 
cues for neurite extension and directionality (e.g. Caudy and Bentley, 1986; 
Nordlander, 1987). To cite some examples, evidence from observations of neurons 
in vitro and in the peripheral nervous system of grasshopper in situ, suggested that 
the shape of growth cones correlates with their behavior (Raper et al., 1983; Argiro 
et al., 1984). It was reported that growth cones become progressively enlarged and 
more complex when confronted with divergent pathways. The increase in size and 
number of lamellopodia in growth cones of motorneurons at decision regions was 
also reported in chick embryos (Tosney and Landmesser, 1985), in which the 
morphological difference is correlated with the presence of specific cues. These 
observations are confirmed in recent studies which show that growth cone form is 
position-specific, and that the growth cones tend ta enlarge and become more 
filopodial in morphology in regions where they make a direction decision (Bovolenta 
and Dodd, 1990; Norris and Kalil, 1990; O'Connor et al., 1990; Kim et al., 1991; 
Yaginuma et al., 1991; Mason and Wang, 1997). 
On the other hand, studies of axon guidance during the development of the 
mammalian visual pathway have demonstrated that growth cone morphology varies 
systematically with position along the optic pathway. In the retinofugal pathway of 
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mouse embryos, simple growth cones are prominent when axons follow well-defined 
common pathways in the optic stalk, but are more elaborated and filopodial in form 
when growth cones diverge, as they turn or approach the decision regions (Bovolenta 
and Mason, 1987). In studies of our laboratory, it was found that the growth cones 
are relatively simple in the optic stalk, but becoming more complex in morphology 
when they reach the chiasm and the optic tract (Chan et al., 1998). These 
investigations have led to the conclusion that variations of growth cone morphology 
are regionally specific, in which the complexity increases when they have to make 
decisions at the chiasm or select their targets in the brain. The growth cone 
morphology reflects intrinsic responses when the growth cone interacts with the 
environmental cues in axon pathfinding. However, the nature of these environmental 
cues and the subsequent changes in intracellular signaling cascade that lead to the 
changes in growth cone morphology and behavior are unknown. 
Retinal Projections at Different Embryonic Ages 
Previous studies have demonstrated the trajectories of retinal axons and the 
morphology of their growth cones in aldehyde-fixed mouse embryos as they navigate 
and diverge within the chiasm using the fluorescent carbocyanine dye DiI (1,1'-
Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate; Honig and Hume, 
1986; Godement et al., 1987b). This dye was reported to be able to incorporate into 
the plasma membrane of retinal ganglion cells and diffuse to the tips of axons 
(Honig and Hume, 1986; Chan and Guillery, 1994). Furthermore, the identity of the 
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uncrossed and crossed axons and their outgrowth from the retina to various segments 
of the retinal pathway have been documented. The two components of retinal axons 
were marked either anterogradely by injecting DiI into specific sites in the retina or 
retrogradely with DiI at the optic tract, from embryonic day (E) 13 to 17. 
In mouse embryos, the adult pattern of axon routing is formed after retinal 
axons have reached the ventral diencephalon (Colello and Guillery, 1990; Godement 
et al., 1990; Sretavan, 1990). It has been demonstrated that the retinal ganglion cells 
are generated from El 1 (Drager, 1985)，and begin to extend axons into the optic 
stalk at E12. By E12.5 to E13.0, the axons start to grow into the ventral 
diencephalon, enter the chiasm at about E13 to E14, and separate into a crossed and 
an uncrossed component (Silver, 1984; Godement et al., 1990; Sretavan, 1990). 
Interestingly, it is shown that these earliest retinal ganglion cells are all located in the 
central retina with the ipsilaterally projecting intermixed extensively 'with the 
contralaterally projecting cells (Godement et al., 1987b; Colello and Guillery, 1990; 
Chan et al., 1999). It is from E15 onwards that the major component of the 
uncrossed projection from the ventral temporal retina starts to emerge. This late 
uncrossed component in the ventral temporal retina forms the ipsilaterally projecting 
part of the retina in the adult pathway (Drager, 1985; Godement et al., 1987a, b; 
Colello and Guillery, 1990; Sretavan, 1990; Reese et al., 1991; Baker and Reese, 
1993). 
In the developing mouse retinofugal pathway, retinal axons undergo several 
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fiber-reordering processes. When most axons are growing toward the subcortical 
visual targets, a quadrant-specific fiber order could be observed in the optic stalk 
(Chan and Chung, 1999). Such retinotopic order is lost progressively and eventually 
scattered at the chiasm, thus resulting in a complete mingling of fibers from different 
retinal quadrants. The progressive loss of axon order from the stalk towards the 
chiasm is also seen in cats, monkeys, ferrets and rats (Horton et al., 1979; Naito, 
1986，1989; Baker and Jeffery, 1989; Reese and Baker, 1993; Chan and Guillery, 
1994). The retinal fiber order is rearranged as axons pass through the chiasm, in 
which axons from dorsal and ventral retina segregate along the anterior-posterior 
axis of the optic tracts (cats: Torrealba et al., 1982; ferrets: Cucchiaro and Guillery, 
1984; rats: Chan and Guillery, 1994; mice; Chan and Chung, 1999). In contrast, 
axons from nasal retina are scattered and generally overlapped with the temporal 
axons. The dorsal-ventral fiber segregation is maintained throughout the optic tract 
to the visual relays, and is suggested to govern the establishment of the retinotopic 
map in visual targets. 
Another fiber sorting process is related to the chronotopic reordering of 
retinal axons. As reported in mice and ferrets, although the axons lose their 
retinotopic order as they approach the chiasm, they gain a new order in the optic 
chiasm and tract (Walsh and Guillery, 1985; Colello and Guillery, 1992). 
Observations in the distribution of growth cones show that the later ingrowing axons 
lie predominantly next to the sub-pial glia when entering the chiasm and within the 
optic tract (Guillery and Walsh, 1987; Colello and Guillery, 1992; Reese et aL, 
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1994). Retinal axons are arranged in deep to superficial order in the optic tract, in 
which the early-generated axons occupy the deepest part. 
The other process that depends on the stages of development of retinal 
ganglion cells is the partial decussation of crossed and uncrossed axons at the 
chiasm. The earliest axonal growth pattern differs from the late or adult pattem in 
the following aspects. First, the early-uncrossed axons generated at E13 to E14 
originate from dorsal central retina but the late uncrossed axons are from the ventral 
temporal retina. These two population of uncrossed axons are demonstrated in 
several species including mice, rats and ferrets (Godement et al., 1987b; Colello and 
Guillery, 1990; Chan et al., 1993; Baker and Colello, 1994). Second, the early 
uncrossed axons appear to grow directly into the ipsilateral optic tract, without first 
growing toward the midline as commonly seen for the late uncrossed axons 
(Godement et aL, 1987b; Colello and Guillery, 1990). Further, it is nbted that 
virtually none of these dorsal central ipsilateral projections survive in the adult. 
These differences suggest that these two populations of axons are under distinct 
control for their turning in the chiasm. As the factors that govem the specific 
decussation pattem within the chiasm are still not fully understood, it is of interest to 
address the guidance cues during the principal period of axon divergence at different 
embryonic ages, 
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Pathfinding of Uncrossed Axons in the Optic Chiasm 
Studies in both fixed material (Godement et al., 1987b, 1990; Sretavan, 
1990; Baker and Reese, 1993) and living preparations (Sretavan and Reichardt, 
1993; Godement et al, 1994) have demonstrated that at E15 to E17 in the mouse, 
crossed and uncrossed axons from each eye diverged in a zone 100 — 200 |im 
proximal to the midline of the optic chiasm. Moreover, it was observed that these 
uncrossed axons coming from dye-labeled ganglion cells of the ventral temporal 
retina mingle completely with the crossed axons on their way to the chiasm (Colello 
and Guillery, 1990; Chan et al., 1993; Godement et al., 1994). 
During the principal period of axon growth at the chiasm at E14 to E17, all 
axons grow towards the midline. As they approach the region 150 - 200 ^im away 
from the midline, these uncrossed axons develop elaborated and highly branched 
growth cones that appear to spread along an unseen midline barrier. These uncrossed 
axons then make a sharp turn into the ipsilateral side of the optic tract (Godement et 
al., 1990，1994; Guillery et al., 1995). In another study, it is further shown that axons 
that turn away from the midline toward the ipsilateral optic tract are mostly tipped 
with bifurcated growth cones (Godement et al., 1994). These studies, therefore, 
indicate that the dramatic transitions from simple to more complex form of growth 
cone occur at sites in the optic pathway where growing axons change direction after 
encountering novel cellular or molecular cues (Bovolenta and Mason, 1987; Wang et 
al., 1995). 
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The hypothesis that cues for divergence exist in the chiasm has been 
strengthened by observations on retinal axon behavior and a dynamic view of axon 
growth at the chiasm with video time-lapse microscopy. Real-time analyses using 
time-lapse video microscopy of dye-labeled retinal axon growth have shown that the 
growth cones extend by saltatory growth for all axons along the optic stalk and tract, 
with axons pausing for minutes between periods of advancing growth (Godement et 
al, 1994; Chan et al., 1998). Although such saltatory growth was also present within 
the chiasm where the uncrossed axons diverged from the crossed axons, all axons 
approaching the midline tended to pause for several hours, making small advances 
and retractions with no net extension (Godement et al., 1994). Further, the uncrossed 
axons go through extreme morphogenetic remodeling and display even longer 
pauses in a zone straddling the midline. Subsequently, whereas growth cones of 
crossed axons proceed across the midline, growth cones of uncrossed axons become 
highly complex and turn toward the ipsilateral optic tract. It is reported that'although 
all axons appear to pause at the midline, the uncrossed axons from the ventral 
temporal retina show behaviors that distinguish them from the crossed axons only at 
the midline zone. Consequently, the behavior of retinal axons at the midline supports 
the idea that guidance cues are localized within the chiasm, which are important for 
retinal axon divergence. 
As a summary, the analyses of retinal axon trajectory in static and living 
preparations confirm the hypothesis that growth cone morphology could reflect 
growth cone behavior and that crossed and uncrossed axons respond differentially to 
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cues endogenous to the chiasm, resulting in advancing, retracting or pausing of 
growth across the midline. 
MECHANISMS OF AXON GUIDANCE AT OPTIC CHIASM 
The developing retinofugal pathway of the mouse provides a useful model 
for studies of axon guidance. The topography of the retinal projections (Metin et al., 
1988) and the origins of retinal ganglion cells that project either ipsilaterally or 
contralaterally have been studied in detail (Godement et al., 1987b, 1990; Colello 
and Guillery, 1990; Sretavan, 1990). Moreover, the guidance mechanisms that 
govern assignment of axons to a particular pathway are shown to depend not only 
upon the developmental stages of the embryos, but involve factors in both retina and 
chiasm (Guillery et al., 1995). In the present study, several aspects that are related to 
the axon divergence at the chiasmatic midline will be discussed, which include 1) 
the localized cellular environment and 2) possible molecular environment at the 
chiasm which may determine either the inhibition of uncrossed or growth support of 
crossed axons; and 3) binocular fiber interactions which may allow the fasciculation 
of turning uncrossed axons with crossed axons from the opposite retina. The 
findings of these studies have characterized the possible nature of the cues that are 
important in understanding the developmental mechanisms that produce the partial 
decussation at the chiasm. 
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1. Cellular Specialization at the Optic Chiasm that May Affect Axon Divergence 
The morphogenetic responses of uncrossed axons near the midline have 
indicated that decisions regarding growth cone navigation are localized within the 
chiasm. In vitro studies reveal that membranes or cells (Wizenmann et al., 1993; 
Wang et al., 1995) isolated from the chiasmatic midline can induce differential 
growth from crossed and uncrossed retinal ganglion cells. These results show that 
cues for divergence are derived from resident cells within the chiasm, and cellular 
interactions of retinal axons with resident midline cells are required to produce the 
partial decussation pattern. Novel cellular configurations have been recently 
uncovered in the chiasmatic midline which may represent putative cues for 
divergence in this decision region (McKanna, 1992; Silver et al., 1993; Sretavan et 
al., 1994; Marcus et al., 1995; Marcus and Mason, 1995; Mason and Sretavan, 
1997). In the present study, these major groups of specialized cells that may be 
involved in axon divergence, that is, the glia and neurons as described in the 
following sessions, will be discussed. 
As mentioned above, analyses of DiI labeling in fixed and living preparations 
of the developing mouse retinofugal pathway have indicated that the uncrossed 
retinal projections from ventral temporal retina grow into the chiasm from E15 to 
E17 (Godement et al., 1994). It has been reported that during the arrival of these 
major uncrossed components, a cellular specialization is centered on the chiasmatic 
midline (Marcus et al., 1995; Marcus and Mason, 1995). This cellular specialization 
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consists of a palisade of radial glia intersected by a narrow midline raphe of cells 
arising from a band of early neurons posterior to the optic chiasm. Other cells that 
express epitopes common to neurons and other early precursors also reside within 
the ventricular and subventricular zones of the midline (Sretavan et aL, 1994; 
Marcus et al., 1995，Marcus and Mason, 1995). As retinal axon divergence occurs 
within this specialization, it supports the hypothesis that divergence cues are located 
in this zone. 
Monoclonal antibody RC2, a marker for radial glia and immature astrocytes 
in embryonic mouse CNS (Misson et al., 1988) shows a palisade of radial glia 
straddled a sector 100 to 200 jam to either side of the midline. In the chiasm of 
mouse embryos at E15 to E17, it is shown that the RC2 antibody stains up a dense 
group of radial glia that have cell bodies in the ependymal lining of the third 
ventricle and radial processes that form the end feet of the glia limitans, and 
straddles the midline throughout the entire rostral-caudal length of the chiasm. 
Furthermore, it is shown that the RC2-positive radial glia have already existed 
before arrival of retinal axons, which are therefore resident during the earliest 
formation of the chiasm. In mouse embryos, it has been shown that the uncrossed 
axons from the ventral temporal retina relate closely to the radial processes of the 
midline cells (Marcus et al., 1995). Besides, the midline palisade demarcates a 
change in glial organization in the chiasm, which takes place at the juncture of the 
optic stalk and the lateral chiasm. These changes in glial type have been correlated 
with changes in axon arrangement from the stalk to the chiasm (Guillery and Walsh, 
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1987; Marcus et al., 1995). 
Hi addition to the radial glial palisade, a raphe of cells expressing SSEA-1 
(stage-specific embryonic antigen 1)，a free carbohydrate epitope that is found on 
embryonic stem cells (Knowles et al., 1982) was reported at the midline bisecting 
the radial palisade. These early neuronal populations also express other neuronal 
markers such as MAP2, B-tubulin, CD44 and L1 (Sretavan et al., 1994; Marcus and 
Mason, 1995). As shown in the horizontal plane at E15 to E17 mouse embryos, 
SSEA-1 positive neurons form a phalange of cells posterior to the chiasm, and 
extend rostrally as a thin raphe of cells. However, a "V"-shaped wedge of cells is 
formed at an earlier stage between E12.5 to E13.5, in which the tip of the V-shape 
array is located most anteriorly and the flanking regions extend back along the 
developing optic tracts. Besides, it is found that the early retinal axons follow closely 
the contours of the anterior border of the SSEA-1 positive cells. • 
Studies of brain sections containing labeled axons and immunolabeled cells 
indicate that all axons enter the radial glial palisade. Uncrossed axons turn within the 
palisade, but never beyond the raphe of SSEA-1 positive cells (Marcus et al., 1995, 
Marcus and Mason, 1995). Comparing the paths of early and late-growing axons in 
relationship to cells in the developing optic chiasm, early uncrossed axons enter the 
same side of the optic tract directly without crossing the radial glial palisade, but the 
late uncrossed axons from temporal crescent first grow toward the midline, followed 
by turning into the same side of the tract. On the other hand, the early crossed axons 
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enter along the caudal border of the radial glia, then tum and travel along the rostral 
border of SSEA-1 positive neurons. But for the lately crossed axons, they encounter 
the SSEA-1 neurons only near the midline, and then grow into the contralateral side 
of the optic tract. In addition, ultrastructural analysis indicates that all growth cones 
contact radial glia, with projections of the growth cone interdigitating with glial 
fibers. These results demonstrate that retinal axons diverge within a cellular 
specialization centered around the midline of the developing optic chiasm, consistent 
with the hypothesis that cues for divergence are located in this zone. It is suggested 
that these specialized cells located at the chiasm may play either a permissive or an 
inhibitory role in guiding the axons. 
The specialized groups of cells localized at the chiasmatic midline represents 
a possible region for retinal axon divergence. It has been shown that the retinal 
axons diverge in a region of the chiasm that is also occupied by the crossed axons. 
The combination of both cellular and axonal cues may play a role in directing axons 
to both sides of the brain. -
II. Possible Molecular Candidates Responsible for Retinal Axon Growth 
Another perspective of interest in axon pathfinding is the nature of the 
guidance cues and the responses of growth cones of retinal axons to these cues 
within decision regions during development. As reported, growth cones respond 
locally and rapidly to a number of extracellular molecules, such as soluble factors, 
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membrane-bound constituents and extracellular matrix components (Strittmatter and 
Fishman, 1991). Axonal pathways are formed with great precision in the developing 
nervous system, providing a strong indication that the molecular guidance signals for 
axonal growth cones are distributed with similar spatial and temporal precision, 
kiterestingly, a large proportion of nervous system molecules (extracellular matrix 
glycoproteins, cell surface adhesion molecules, polypeptide growth factors, and 
extracellular proteases and protease inhibitors) exhibit binding to 
glycosaminoglycans and/or proteoglycans. Examples include laminin, fibronectin, 
thrombospondin, tenascin, NCAM (neural cell adhesion molecule), myelin-
associated glycoprotein, etc (e.g. Grumet et aI., 1993, 1994; Friedlander et al., 1994; 
Milev et al., 1994). 
Chondroitin sulfate proteoglycans (CSPGs), which constitute the major 
population of proteoglycans, have been strongly implicated for a role in some 
developmental events of the central nervous system (for review, see Lander, 1993; 
Letourneau et al., 1994). These molecules consist of a core protein attaching 
covalently with the glycosaminoglycan chains, which vary in structure and function 
and found on both cell surfaces and within the extracellular matrix. During 
development, prominent expression of CSPGs have been localized in regions that act 
as barriers to extending axons (Snow et al., 1990a, b, 1991; Oakley and Tosney, 
1991; Perris et al., 1991; Brittis et al., 1992; Pindzola et al., 1993; Oakley et al., 
1994; Landolt et al., 1995; Hoffman-Kim et al., 1998), although they are also found 
in regions where axons navigate (Flaccus et al., 1991; Sheppard et al., 1991; 
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Bicknese et al., 1994; McAdams and McLoon, 1995; Ring et al., 1995). These 
expression patterns of CSPGs therefore raise the interest in investigating their 
potential functions in axon guidance. These molecules are reported to play mainly an 
inhibitory role in axon growth. It has been implicated a role of inhibition of axon 
growth from various neuronal cell types (Snow et al., 1990a, 1991; Fichard et al., 
1991; Oohira et al., 1991; Brittis et al., 1992; Snow and Letoumeau, 1992; Brittis 
and Silver, 1994; Dou and Levine, 1994; Maeda and Noda, 1996). However, there 
are also experiments indicating that CSPGs promote neurite outgrowth in vitro 
(Iijima et al., 1991;Lafont et al., 1992, 1994; Faissner et al., 1994; Femaud-Espinosa 
et al., 1994). Previous reports indicate that either the chondroitin sulfate chains or 
the protein core may be responsible for the effects on axon growth. 
Previous studies have revealed that chondroitin sulfate proteoglycans may 
participate in axon guidance of the developing vertebrate visual system. The 
monoclonal antibody against CS-56, which is specific for the glycosaminoglycan 
portion of CSPGs that binds to both the 4- and 6-sulfated moieties (Avnur and 
Geiger，1984)，is widely used in these studies. Immunocytochemistry shows that 
CSPGs are present in the innermost layers of the developing rat retina (Snow et al., 
1991; Brittis et al., 1992). It has been proposed to play a role in controlling the onset 
of ganglion cell differentiation and initial direction of growth of retinal axons to the 
optic disk. Besides, retinal axons would navigate away from substrata containing 
CSPGs (Snow et al., 1991; Snow and Letourneau, 1992)，thus suggesting this 
molecule may guide the axon outgrowth by providing a less permissive pathway that 
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deflects the axons from the retinal periphery and directs them toward the optic disk. 
Distribution of CSPGs is also found throughout the developing retinofugal 
pathway of chick embryos, which includes the optic stalk, chiasm and the optic tract. 
It is observed that the immunostaining for chondroitin-6-sulfate and chondroitin-4-
sulfate colocalizes with retinal axons during the entire period of retinal axon growth 
(McAdams and McLoon, 1995). The presence of CSPGs in regions of the pathway 
containing retinal axons suggests that these molecules are involved in the formation 
of the retinofugal projection. In addition, CSPGs are suggested to be correlated with 
chronotopic axon order in the developing optic tract of ferrets (Reese et al., 1997), as 
it is found to change in an aspect that complemented the segregation of young and 
old optic axons. It has been demonstrated that the distribution of CSPGs is densest in 
the deeper parts of the optic tract, which is coincident with radial glial fibers that 
tum to course within the region of the oldest optic axons. On the other hand, recent 
study shows the immunoreactivity of CSPGs is substantially higher in midline than 
in lateral tectum in developing hamster. It suggests that CSPGs may play a role in 
the unilateral containment of optic axons (Hoffman-Kim et al., 1998). These 
developmental changes may provide clues about the physiological roles of CSPG. It 
is of interest to investigate the expression of CSPGs in the chiasm and correlate the 
expression pattern with known developmental events at the chiasm. 
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III. Binocular Interaction Determines the Course of Uncrossed Axons 
A number of studies done on mice, rats and ferrets reveal that early prenatal 
unilateral eye removal produces a reduction of the uncrossed pathway of the intact 
eye (Godement, 1987a，1990; Guillery, 1989; Chan and Guillery, 1993; Taylor and 
Guillery, 1995b). Such reduction also depends on the developmental stage at which 
the operation is done. The study by Godement et al. (1990) has shown that when an 
enucleation is done at E13 in mouse embryos, growth cones of the uncrossed axons 
from the temporal crescent are stalled at the midline of the chiasm by E16. These 
retinal axons fail to take a normal uncrossed course at the chiasm, but accumulate at 
the chiasm, neither turning or crossing at the midline. Such findings point out that 
the crossed component from one eye is important in guiding the uncrossed axons 
from the other eye into the optic tract, and the earliest uncrossed axons from the 
central retina at E13 are unable to guide the later arriving cohorts from the ventral 
temporal retina. 
In contrast to these studies on rats and ferrets, and some of the earlier studies 
on mice, a study on axon routing at the mouse chiasm after an early monocular 
enucleation at E11.5 or E12, before any fibers arrive at the chiasm, has reported that 
the uncrossed component is not reduced (Sretavan and Reichardt, 1993). Retinal 
axons from the surviving eye o fE16 mouse embryos developed a partial decussation 
that is indistinguishable from the normal pattern. In vitro analyses of the growth of 
living axons in E13 to E14 mouse chiasm showed that the axons are capable of 
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tuming to the ipsilateral optic tract in the absence of fibers from the other eye. These 
results are in conflict with those in previous reports on mouse, rats and ferrets and 
raise the question of whether pathfinding of axons at the chiasm is dependent on the 
presence of the other eye. 
Recent studies in our laboratories have attempted to address whether an early 
unilateral eye removal has an effect on the development of the uncrossed component 
in mouse embryos (Chan et al., 1999). It has been shown that immediately after the 
monocular enucleation at E13, the ipsilaterally projecting cells from the central 
retina are not affected. An obvious reduction is observed in the later uncrossed 
retinal ganglion cells from the ventral temporal retina, which constitute the 
ipsilateral projection in the adult pathway (Jeffery and Perry, 1981; Drager, 1985; 
Chan and Jen, 1988). Results indicate that these uncrossed components require an 
interaction with fibers from the other eye for their pathfinding process to the same 
side of the brain, but those from the earlier developing central retina do not. The 
early uncrossed axons may be under the influence of different guidance mechanisms 
as compared to those from ventral temporal retina. Unlike the later-generated 
components, these axons grow into the ipsilateral tract directly without encountering 
the chiasmatic midline, implying that no specific control is responsible for them to 
tum. Although it has been shown that the uncrossed axons from ventral temporal 
retina may rely on the binocular interaction for their routing at the chiasm, it is not 
necessarily true for all these later uncrossed components. It could be observed that a 
few retinal ganglion cells that have uncrossed axons after a monocular enucleation 
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done before arrival of the axons at the chiasm survived in the ventral temporal retina 
(Godement et aL, 1987a; Chan and Guillery, 1993; Chan et al., 1999). These cells 
may represent the earliest ipsilaterally projecting cells that are bom in the ventral 
temporal retina (Drager, 1985). It is suggested these earliest uncrossed axons may be 
under the same control as those arising from the central retina for their tuming at the 
chiasm, which is different from those later born neighbors in the ventral temporal 
retina. Furthermore, it has been demonstrated that the reduction is seen when the 
major uncrossed component from the ventral temporal retina first appears, indicating 
that the routing of uncrossed axons at the chiasm is affected directly by the early eye 
removal, rather than as a consequence of other developmental processes, such as 
programmed cell death. In late prenatal and postnatal development of the retinofugal 
pathway, the interpretation of the enucleation effects are complicated by survival of 
cells that are normally eliminated during the period of naturally occurring cell death 
(Jeffery and Perry, 1981; Cowan et aL, 1984; Chan et al., 1989; Chan andGuillery, 
1993). 
SUMMARY 
Retinal axon divergence at the chiasm is a good system for the study of axon 
guidance, because both growth and inhibition of axon extension occurs across the 
midline in the optic chiasm. To summarize, axons from one eye segregate into a 
crossed and an uncrossed component at the chiasm. Those earliest uncrossed axons 
come from the dorsal central retina. However, for those late generated uncrossed 
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axons, they originate from the ventral temporal retina as found in the adult retinal 
projections. On the other hand, the development of the normal decussation pattem is 
dependent on the binocular interaction of axons at the chiasm, while the cellular 
environment of a group of specialized cells at the chiasm also appears to affect the 
behavior of the retinal growth cone and its advance direction. The neuronal cells, 
glial elements or retinal axons from the other eye may provide these localized cues. 
Aims of Study 
Pigmented mouse embryos C57 were used as an animal model, as the albinos 
with defect in retinal pigmentation are deficient in the partial decussation of optic 
axons that leads to an abnormally small uncrossed pathway (Guillery, 1995). Only 
embryos that were healthy and without morphological abnormality were chosen for 
study. In the first part of this thesis (Chapter 2 and 3)，the role of chondroitin sulfate 
proteoglycans (CSPGs), which may be responsible for the axon-matrix interactions 
at the chiasm, would be investigated. The expression patterns of CSPGs during the 
major axon ingrowth period at the chiasm were studied, followed by examining their 
possible functions after enzymatic digestion of these molecules. The next study 
(Chapter 4) focuses on the issue of binocular fiber interactions by investigating the 
effects of monocular enucleation on the specialized chiasmatic cells. It sought to 
determine if the cellular configuration of the neurons and glia stained by SSEA-1 
and RC2 respectively would change when one eye is removed, thereby contributing 
to the formation of abnormal decussation. The significance of these experimental 
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Studies is then considered in detail in Chapter 5. 
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CHAPTER 2 
EXPRESSION OF CHONDROITIN SULFATE PROTEOGLYCANS 
(CSPGs) IN THE CHIASM OF MOUSE EMBRYOS 
INTRODUCTION 
Retinal axons undergo distinct fiber reordering processes at the chiasm 
during development of the mouse retinofugal pathway. These rearrangements 
include the retinotopic fiber order, in which the retinal axons segregate according to 
their positions along the nasal-temporal and dorsal-ventral axes of the retina; and the 
age-related fiber sorting in different segments of the chiasm (Godement et al., 1990; 
Guillery, 1991; Chan and Guillery, 1994; Colello and Coleman, 1997; Chan et al., 
1999). Dynamic chronicle analyses of axon growth recently show that there is a 
general dampening effect on both the crossed and uncrossed axons when they 
approach the chiasm. Within a midline zone, retinal axons have an overall increase 
in pause frequency and reduction in growth rate, as well as an extensive remodeling 
of growth cone morphology (Godement et al., 1994; Mason and Wang, 1997; Chan 
et al., 1998). This characteristic growth behavior of retinal axons may be caused by a 
contact mediated interaction with cellular elements at the chiasm, such as the radial 
glial cells and early generated neurons (Sretavan et al., 1990: Marcus et al., 1995); 
and with axons from the other eye (Godement et al., 1990; Chan and Guillery, 1993; 
Chan et al., 1999). The axon growth may also be mediated by a diffusible factor 
produced by the chiasm cells, which exerts suppression on the growth of retinal 
axons in order to prompt the axons for other guidance signals within the chiasm 
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(Wang et al., 1996). However, the molecules that are involved in these guidance 
processes at the chiasm are largely unknown. 
Chondroitin sulfate proteoglycans (CSPGs), which constitute the major 
population of proteoglycans, have been shown to play an important role in 
development of the central nervous system (for review, see Lander, 1993; 
Letourneau et al., 1994). These molecules consist of a core protein attaching 
covalently with the glycosaminoglycan chains, which vary in structures and 
functions, and they are distributed on both cell surfaces and extracellular matrix. 
Previous studies have revealed that CSPGs may participate in axon guidance of 
developing vertebrate visual system. CSPGs are present in the innermost layers of 
the developing rat retina and controls the onset of ganglion cell differentiation and 
initial growth of retinal axons towards the optic disk (Snow et al., 1991; Brittis et al., 
1992). CSPGs were also observed in the chiasm of fetal ferrets and the distribution 
of these molecules appears to correlate with the development of chronotopic order in 
the optic tract (Reese et al., 1997). In the present study, it is of interest to explore 
whether CSPGs are expressed in the chiasm of mouse embryos, at the time when 
retinal axons grow into this decision point of the pathway; and whether the 
expression patterns of CSPGs are correlated spatially with the fiber reordering 
processes at the developing retinofugal pathway. 
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MATERIALS AND METHODS 
Animals and Tissue Preparation 
Time-mated C57 mice were obtained from the Animal House of the 
University. The day that the vaginal plug is found is designated as embryonic day 0 
(E0). Pregnant mothers were killed by cervical dislocation. Embryos at E12 to E16 
were taken out by Caesarean section, washed briefly in 0.1 M phosphate buffered 
saline (PBS; pH7.4) and decapitated. The heads were immersed in freshly prepared 
4% paraformaldehyde (in 0.1 M phosphate buffer; pH7.4) and were stored ovemight 
at 4°C. The fixed tissues were embedded in a gelatin-albumen mixture. A cut was 
made on the block to mark the orientation of the head. The block was sectioned at 
100 |im in thickness with a vibratome. In some embryos, the heads were sectioned 
horizontally, whilst in others coronal sections were obtained. The serial sections of 
the heads were collected in PBS. • 
Immunocytochemistry 
The expression of CSPGs was examined using a monoclonal antibody 
against chondroitin sulfates from the clone CS-56 (Sigma). This antibody recognizes 
both the chondroitin-4-sulfate and chondroitin-6-sulfate chains of the proteoglycans 
(Avnur and Geiger, 1984). The sections were washed in PBS, followed by 
incubating in blocking buffer that contained 10% normal goat serum (NGS from 
Sigma) for 1 hour. The sections were incubated in the primary antibody (1:200, 
diluted in PBS with 1% NGS and 0.5% Triton X-100 from Sigma) ovemight at 4°C. 
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The sections were then rinsed in PBS (3 times, 10 minutes each) and incubated in 
fluorescein isothiocyanate (FrTC)-conjugated secondary antibody (anti-mouse IgM; 
1:100 in PBS; from Jackson Laboratories) for 3 hours at room temperature. Control 
sections were treated with the same procedures but without primary antibody. They 
were then washed briefly in PBS and coverslipped with a mounting medium 
containing 0.1 % p-phenylenediamine. 
Confocal Microscopy and Image Analyses 
The images were captured using a confocal imaging system (MRC 600, Bio-
Rad) connected to an Axiophot photomicroscope (Carl Zeiss) using the blue 
excitation filter set (BHS). The images were acquired using the COMOS software 
(Bio-Rad) and stored in SparQ disk (Syquest). The confocal images were analyzed 
and processed using the Confocal Assistant software (Bio-Rad). Sections from 27 
embryos, aged from E12 to E16, were included in this study. 
In order to study the CSPGs expression in relation to the axon course in the 
chiasm, the retinas of some embryos (3 for E13 and 3 for E14) were labeled with DiI 
(1，1 ’ -Dioctadecyl-3,3,3，，3，-tetramethylindocarbocynaine perchlorate; DiIC ！ 8(3) 
from Molecular Probes). In brain slice preparations of the retinofugal pathways of 
E13 and E14 embryos (n = 6)，DiI solution (dissolved in dimethyl sulphoxide from 
Sigma) was injected into the eyes using a picospritzer (General Valve Co.). The 
brain slices were cultured in DMEM/F12 (Dulbecco's modified Eagle's medium 
from Gibco) with 10% fetal bovine serum (Gibco) at 37°C for 5 hours in order to 
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allow sufficient label of retinal axons at the chiasm. The extent of label in the retinal 
axons was observed under confocal microscopy (MRC 600，Bio-Rad) using a green 
excitation filter set (GHS). After taking the images of the retinal axons at the 
chiasm, the brain slice that contained the chiasm were sectioned horizontally into 
100 ^im sections. The sections were stained with the primary antibody CS-56 and 
then with the FITC-conjugated secondary antibody as described above. The double-
labeled sections were then imaged under a confocal imaging system (MRC 1024， 
Bio-Rad) using dual excitation wavelength (568 nm and 488 nm). Digital images 
were stored in Jaz disks (Iomega), and processed using the Confocal Assistant 
software, 
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RESULTS 
Expression Pattern of CSPGs at the Retina 
h\ the earliest stage (E l l ) being examined in this study, the CSPG 
expression has already begun in the retina of mouse embryos at the time when most 
ganglion cells are generated (Drager, 1985) and have not yet sent out axons into the 
optic pathway (Silver and Sidman, 1980). The staining was most prominent at inner 
retinal layers that include the future ganglion cell layer and the retinal fiber layer 
(Fig. lA). It is obvious that staining in the central retina was stronger than that in the 
peripheral regions. Positive staining was also observed in the lens and vitreous. At 
E12, when the first retinal axons emerge from the central retina, the CSPGs 
expressions in the central retina were reduced when compared to the intense staining 
in the peripheral retina (Fig. lB). This difference in staining intensity in the inner 
retinal layers was not apparent by E13, when most ganglion cells are sending axons 
into the pathway (Fig. lC). The inner retinal layers were stained evenly with the 
antibody. The expressions of CSPGs at the retina were gradually reduced in 
subsequent stages of development. At E16, the staining was only detected in the 
inner layer of the retina at the peripheral margins (Fig. lD and lE). The central 
retina was virtually devoid of significant staining. 
Expressions of CSPGs at the Ventral Diencephalon 
Immunoreactivity to CSPGs was detected in the ventral diencephalon at E12, 
prior to the arrival of retinal axons at the chiasm as indicated by using an antibody 
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3A10 that stains the neurofilaments in the developing axons (not shown). Horizontal 
sections through heads of 12 embryos showed that CSPGs were present primarily in 
two groups of cells at the caudal regions of the ventral diencephalon from both sides 
of the midline (Fig. 2A). These cells were irregular in shape with several short 
processes, and the staining appeared to localize in the cytoplasm and plasma lemma, 
as well as in the intercellular space (Fig. 2B). In more ventral sections, some CSPGs 
positive cells were found in both the midline and the lateral part of the future 
chiasm, in which localized anteriorly to the two groups of positive cells in the caudal 
diencephalon (not shown). Coronal sections further indicated that these CSPG 
positive cells were found in the midline and its flanking regions (Fig 2E), where they 
occupied the ventral tier of the neuroepithelium where the axons grow at subsequent 
developmental stages. In a more caudal section, these cells appeared in lateral 
regions but not at the midline of the chiasm (Fig. 2F). This staining pattern coincides 
with the distribution of chiasm neurons that are immunopositive to the.antibody 
against SSEA-1 (compared Fig. 2A and 2C). These SSEA-1 positive cells have been 
correlated with the patterning of the earliest axons that are going to invade the 
ventral diencephalon at later stages of development (Marcus and Mason, 1995； 
Marcus et al., 1995). 
The first retinal axons start to grow into the chiasm by E13 (Godement et al., 
1987b). During this stage, the expression of CSPGs was most prominent in the 
caudal half of the ventral floor of the diencephalon as shown in the horizontal 
section (Fig 3A), which appeared as a broad V-shaped configuration opening 
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caudally in the lateral parts of the diencephalon. More interestingly, a midline 
extension was stemming out from the rostral end of this V-shaped configuration 
(indicated by arrowhead in Fig. 3A). This rostral extension marked the CSPG rich 
regions at the midline of the chiasm where retinal axons decussate. Strong 
immunostaining was also detected at the pial surface and the regions at the lateral 
diencephalon that include the position for the future optic tracts, although there are 
very few axons in the tract at E13. A similar pattern was found in the ventral 
diencephalon of E14 mouse embryos (Fig. 3B). The rostral parts of these CSPG rich 
regions were likely immunopositive to the SSEA-1 antibody (compare Fig. 3B and 
3D, both were from E14 embryos), and appeared to mark the caudal border of the 
retinal axons in the chiasm (compare Fig. 3B and Fig. 3C), which may be related to 
the development of partial decussation pattern. Coronal section of the regions shown 
in Figure 3A demonstrated that the staining of CSPGs was localized in neuron-like 
cells at the ventral diencephalon, which were particularly prominent at the midline 
(Fig. 3E) and in a broad array of cells in a more caudal level at the chiasm (Fig. 3F). 
Some immunostaining was detected in the thin retinal fiber layer in the chiasm. The 
radial glial cells did not show obvious staining at these early stages of retinal axon 
growth at the chiasm. 
At E14, more retinal axons were added to the chiasm and the optic tracts. 
The expression of CSPGs varied at different segments of the axon course in the 
chiasm. h\ the coronal section showing the rostral region of the chiasm (Fig. 4A), 
there was a substantial expression of CSPGs in the cellular elements at the midline 
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anterior to the retinal fiber layers in the chiasm, and punctuate staining was found in 
the cell rich regions. At a mid-level within the chiasm, expression of CSPGs at the 
midline was largely confined to the cellular elements immediately above the retinal 
fiber layer (Fig. 4B). It was noted that the staining intensity in the retinal fiber layer 
at midline was slightly higher when compared with the regions of fiber layer 
flanking both sides of the midline with a basal level of staining. This slight staining 
at midline was not detected in the caudal part of the chiasm (Fig. 4C). Li addition to 
this change in expression pattern of CSPGs along the rostral-caudal axis in the 
chiasm, the expression was also changed as retinal axons navigate through the 
chiasm. h\ the optic stalk and the premidline chiasm, the retinal fiber layer was only 
slightly stained with CSPGs (Fig. 4A and 4B). The intense staining of CSPGs was 
confined to the connective tissues enclosing the optic stalks and the cellular 
structures in the ventral diencephalon dorsal to the retinal fiber layer, t i the 
postmidline chiasm, most retinal axons have crossed the midline and approached the 
optic tract, while some axons have turned away from the midline into the ipsilateral 
tract. As shown in the caudal level of the chiasm (Fig. 4C, corresponds to line 4C in 
Fig. 3B), an intense staining of CSPGs was detected in the fiber layer at the 
junctures of the chiasm and the optic tract. This staining started to appear in the 
chiasm about 300 pm from the midline, and was most obvious at the deep parts of 
the chiasm and the tract. The staining intensity decreased gradually towards the 
subpial surface of the retinal fiber layer. The differential distribution of CSPGs was 
also characterized in cross sections of the optic tract. Mouse embryos at E14 had the 
retinal fibers in the tract filled with DiI, sectioned and processed simultaneously for 
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immunocytochemistry using CS-56 antibody. In cross sections of the ventral 
diencephalon, the dye filled optic tract appeared as a discrete bundle of fibers at the 
lateral diencephalon (Fig. 4D). Immunostaining of CSPGs was only detected at the 
deep but not superficial regions of the tract (Fig. 4E). 
At E15, most retinal axons have arrived at the chiasm, including those from 
the ventral temporal retina that turn before reaching the midline of the chiasm. The 
rostral chiasm was slightly stained, whereas the optic stalk was devoid of CSPGs at 
this stage (Fig. 5A). Obvious staining could be seen at the pia surrounding the stalk 
and in the cells at the lateral diencephalon. In a more caudal level, where fibers from 
the two eyes mingle extensively at the midline, a strong label of CSPGs was 
detected at the lateral margin of the chiasm, about 300 ^im from the midline (Fig. 
5B). This CSPGs rich region spanned the whole thickness of the retinal fiber layer. 
Substantial expressions of CSPGs were also found in the other regions of the retinal 
fiber layer, particularly at the pial surface at the midline. Besides, a slight but 
obvious staining was seen at deeper regions of the midline at this level, ]n a further 
caudal section of the chiasm and the tracts, the lateral regions of the fiber layer were 
again the most intensely stained (Fig. 5C, marked by the asterisk). This expression 
was continuous medially with the staining along the subpial region around the 
midline, but tapered off laterally in fibers reaching the threshold of the optic tract. 
There was virtually no detectable staining in the subpial surface of the optic tract, 
but abundant expression of CSPGs was seen in the deepest regions at the threshold 
of the tract. In addition to these expressions at the chiasm, many cellular elements in 
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the ventral diencephalon were immunopositive to the CS-56 antibody and these cells 
had the morphology of radial glial cells, with radially oriented cell bodies and 
processes extending from the ventricle towards the pial surfaces of the diencephalon. 
Similar observations could be found in the E16 embryos which are not shown here. 
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PlSCUSSION 
]ji this study, the distribution of chondroitin sulfate proteoglycans has been 
characterized in the retinofugal pathway of mouse embryos. Similar findings are 
reported in the rat embryos that CSPGs are expressed in a receding gradient in the 
inner retinal layers, which may be related to the initial direction of retinal axons and 
patterning of the retina (Brittis et al., 1992). Furthermore, the present study has 
demonstrated that CSPGs are expressed at the chiasm at E12 before arrival of any 
retinal axons. At such an early stage, expression pattern of CSPGs follows closely 
the distribution of SSEA-1 positive cells that have been suggested to be responsible 
to the shape and limit the course of the earliest axons in the chiasm (Marcus and 
Mason, 1995). Expressions of CSPGs at later stages (E13 to E15) when most axons 
are growing through the chiasm suggests that these molecules are involved in the 
development of partial decussation at the chiasm. The CSPGs expression at the 
midline is reduced gradually, while expression in the postmidline chiasm and optic 
tract is elevated in later stages of development. This distinct distribution of CSPGs 
suggests a role of these molecules in regulating the- development of retinotopic 
order, as well as the age-related order at these segments of the mouse retinofugal 
pathway. 
Roles of CSPGs in the Retina 
Immunoreactivity of CSPGs in the retina of mouse embryos is most 
prominent at the earliest stage studied, i.e. E l l , and gradually decreases in the 
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subsequent periods of development. The expression of CSPGs moves from the 
central towards the peripheral margin of the retina. This developmentally regulated 
pattern of CSPGs may be related to the neurogenesis of the retinal ganglion cells, 
which are generated in a crude concentric pattern in the mouse (Drager, 1985). 
Moreover, the staining is concentrated in the inner retinal layer, which include the 
future retinal ganglion cell layer and the retinal fiber layer, suggesting that CSPGs 
are involved in the developmental processes during differentiation of retinal 
ganglion cells. 
These findings are in agreement with the studies in rat embryos, which show 
similar distributions of CSPGs in developing retinas. It is reported that a centrifugal 
receding gradient of CSPGs expression exists in the retina of rat embryos at the 
period when retinal axons are navigating towards the optic disk (Brittis et al., 1992). 
A disruption of retina axon outgrowth is shown in retina cultured with an enzyme 
that removes the chondroitin sulfate side chains from the proteoglycans. Moreover, 
an inhibitory effect of CSPGs is observed in the initial neurite outgrowth and neurite 
extension from retinal explants (Snow et al., 1991). Based on these findings, it is 
concluded that CSPGs provide guidance to developing axons in the retina by 
directing and restricting them to grow towards the center of the retina. However, it is 
noted in other studies that CSPGs are found in the basal lamina, neuroepithelium 
and in the developing axons in the optic fiber layer of the chick retina (McAdams 
and McLoon, 1995; Ring et al., 1995). These expressions of CSPGs coincide 
temporally and spatially with the onset and cessation of retinal axon growth, 
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suggesting a supportive rather than inhibitory role of these molecules in patterning 
the axon course in the chick retina. These differences in the role of CSPGs in 
guiding axons in the retina are still unresolved, but may represent a difference in 
species specific responses of retinal axons to these extracellular molecules. 
Roles of CSPGs in the Chiasm 
The present study has shown that CSPGs are expressed by cells in the ventral 
diencephalon in the earliest stage studied (E12) when retinal axons have not yet 
entered the chiasm. These CSPGs expressing cells form a V-shaped conformation in 
the caudal part of the ventral diencephalon, which appears to coincide with the 
neurons immunopositive to SSEA-1. In the subsequent stages of development (at 
E13 to E14), CSPGs are distributed in patterns similar to these SSEA-1 positive 
neurons, and are found predominantly as a rostral extension in the chiasm from its 
major population at the caudal diencephalon. This CSPGs rich raphe structure 
extends across the position of retinal fibers in the chiasm. These similarities in 
staining pattern with SSEA-1 neurons indicates that CSPGs are localized in part of 
these chiasm neurons, and may indeed suggest that these chiasm neurons are a 
source of these proteoglycans in the ventral diencephalon during early phases of 
development of the retinofugal pathway. However, it is noted that the expression of 
CSPGs is drastically reduced at the midline in later stages of pathway development 
(at E15 to E16), while the SSEA-1 positive neurons are found prominently at the 
midline of the chiasm (Marcus et al., 1995). Although this finding appears to argue 
against the SSEA-1 neurons as a source of CSPGs in the chiasm at later stages, it is 
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possible that these proteoglycans are down regulated in the chiasm neurons as the 
embryos develop. Nonetheless, the characteristic conformation of chiasm neurons 
that are immunopositive to CD44 and SSEA-1 has been implicated in patterning the 
course of retinal axons in the chiasm (Sretavan et al., 1994; Marcus et al., 1995, 
Mason and Sretavan, 1997). It is reported that the initial axon growth in the mouse 
chiasm at E12 and E13 follows the anterior contour of the SSEA-1 neurons, while 
the appearance of the SSEA-1 positive raphe extension in later stages (E15 to E16) 
of development is probably related to the divergence of retinal axons in the chiasm 
(Marcus and Mason, 1995; Marcus et al., 1995). These pathfinding processes may 
involve, at least in part, the CSPGs. 
Many studies have implicated that CSPGs are the active components in 
structures that act as barriers for growing axons (e.g. posterior sclerotome: Oakley 
and Tosney, 1991; Perris et al., 1991; Landolt et al., 1995; roof plate of spinal cord: 
Snow et aI., 1990b; retina: Snow et al., 1991; Brittis et al., 1992; optic tectum: 
Hoffman-Kim et al., 1998). Retinal axons in culture are shown to avoid the 
substratum containing CSPGs, indicating that these molecules may guide axons by 
providing a less permissive pathway that deviate the growth of axons (Snow et al., 
1991; Snow and Letourneau, 1992). The expression of CSPGs, as indicated by their 
characteristic spatial and temporal expression patterns in this study, support the 
inhibitory roles of CSPGs in patterning the axon growth in the chiasm. Firstly, the 
retinal axons appear to navigate along, but not across, the rostral border of the CSPG 
rich regions in the caudal diencephalon, indicating that these CSPGs is non-
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permissive to axon growth. Besides, the presence of CSPGs as a thin raphe at the 
chiasmatic midline at E13 and E14 suggests their role as a functional barrier that 
stops the growth of uncrossed axons but allows the crossed ones to pass through. 
The uncrossed axons that arrive at the chiasm at these ages are largely arise from the 
central retina (Godement et al., 1987b; Colello and Guillery, 1990; Chan et al., 
1999). It has been argued in previous studies that pathfinding of these early 
uncrossed axons are probably on a random basis, which is in contrast to those arise 
from the ventral temporal retina at later stages that require a positional information 
in both the retina and an interaction with fibers from the opposite eye to make their 
tums in the chiasm (Godement et al., 1990; Taylor and Guillery, 1995b; Chan et al., 
1999). The presence of a CSPGs rich region at the midline at E13 and E14 raises the 
possibility that some, if not all, uncrossed axons from the central retina may rely on 
this functional barrier to turn at the chiasm. However, this possible function of 
CSPGs in the partial decussation may be only significant at the initial phases of axon 
growth in the chiasm, as the expressions are prominent at the early stages of 
development of the retinofugal pathway. The expressions of CSPGs in the midline 
of the chiasm are reduced dramatically by E15 to E16, suggesting that these 
molecules would be less important in the partial decussation in later stages of 
development. 
Possible Role of CSPGs in Chronotopic Axon Reordering 
At the threshold of the optic tract, the expression of CSPGs is most 
prominent in the deeper parts of the chiasm and tract. This restricted distribution is 
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observed in E14 to E16 embryos, when most axons are navigating their ways 
towards the optic tract. It has been shown in many studies that there is a chronotopic 
order of retinal axons in the optic tract, with the youngest axons closest to while 
oldest axons farthest from the pial surface (Guillery and Walsh, 1987; Colello and 
Guillery, 1992), which reflects the time of arrival of retinal axons in the tract. This 
age-related order is also reported in the juxtachiasmatic part of the optic stalk 
(Guillery and Walsh, 1987; Colello and Guillery, 1992), which continues at the 
midline regions of the chiasm (Reese et al., 1994; Colello and Coleman, 1997) and 
reestablished in the tract. The prominent expression of CSPGs in the junction of the 
chiasm and tract as shown in this study suggests that these proteoglycans may be 
related to the regain of age-related fiber order at this position of the pathway. 
Besides, the restricted CSPGs expression in the deep parts of the chiasm and tract 
indicates that these molecules may provide an unfavorable environment for newly 
arrived growth cones, thus deviating them to the subpial surface of the tract. Similar 
findings were reported in the retinofugal pathway of developing ferrets (Reese et al., 
1997)，suggesting a role of CSPGs in the development of chronotopic order in the 
tract. It is apparent that CSPGs may act as one of the guidance molecules in the age-
related fiber order at the threshold of optic tract in mouse embryos, however, the 
absence of CSPGs in the junction of the optic nerve and the chiasm indicates that 
such order in this position is probably under control of a different mechanism. 
Another finding in this study is that there is a CSPGs rich zone in the lateral 
regions of the chiasm where the retinal axons have to travel through before entering 
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the tracts, which are located at about 300 ^im from the midline. It has been reported 
that a rearrangement in fiber order occurs at these positions in the chiasm, and that 
this fiber reordering establishes a segregation of dorsal from ventral retinal axons in 
the optic tract (Chan and Chung, 1999). It is possible that this active fiber 
rearrangement after axons cross the midline is related to the abundant expression of 
CSPGs in these chiasmatic regions. However, the questions of how the development 
of this dorsal ventral order in the tract may rely on the CSPGs in the chiasm, and 
whether the control of this fiber order is related to that for the chronotopic order in 
the tract, are unknown. As mentioned above, CSPGs may be produced by the SSEA-
1 positive neurons during the initial phases of axon ingrowth at the chiasm. The 
prominent expression is likely involved in patterning of the course of earliest retinal 
axons, and may be related to the development of partial decussation in the chiasm. 
At the later developmental stages (E15 to E16), however, the immunoreactivity of 
CSPGs in the chiasm neurons is dramatically reduced, whilst the expression of these 
proteoglycans is obviously upregulated in the radial glia at the ventral diencephalon. 
This expression is possibly involved in the formation of chronotopic order and 
segregation of dorsal from ventral retinal fibers in the optic tract, which take place at 
a later stage of pathway development when more retinal axons are added to the 
pathway. These results, together with findings in fetal ferrets that the radial glial 
processes expressing CSPGs are present in deep parts of the tract (Reese et al., 
1997), support the idea that these radial glia are involved in establishing the fiber 
orders in the optic tract. 
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Figure 1 
Confocal micrographs showing immunoreactivity to CS-56 in cross sections 
of the retinas in C57 mouse embryos. Anterior is up. 'A' , At E l l , the chondroitin 
sulfate proteoglycans (CSPGs) express preferentially in inner retinal layers of the 
central retina (R) that include the future ganglion cell layer and the retinal fiber 
layer. Positive staining is also observed in the lens (L) and vitreous. 'B', At E12, the 
expression of CSPGs in the central retina is reduced when compared to the intense 
staining in the peripheral regions (indicated by the arrowheads). 'C' , At E13, the 
staining intensity of CSPGs is evenly distributed throughout the inner retinal layer. 
‘D，，By E16, the immunoreactivity is concentrated in the inner layers at peripheral 
margins of the retina (as indicated in E), whilst the central retina is apparently 
devoid of significant staining. 
Scale bars: 'A and B' , 100 pm; 'C and D', 200 |im; 'E', 50 ^im. . 
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Figure 1 
Confocal micrographs showing immunoreactivity of chondroitin sulfate 
proteoglycans (CSPGs) and SSEA-1 in the chiasm of E12 mouse embryos, i i the 
horizontal sections (A - D), anterior is up; while in the coronal sections (E - F), 
dorsal is up. The arrow points to the midline of the brain. 'A', At E12, the staining 
of CSPGs is distributed as two groups of cells in the caudal regions of the ventral 
diencephalon, which is localized in the cytoplasm and plasma lemma of the cells, as 
well as the intercellular space (as shown in a higher magnification in B). This 
staining pattem appears to coincide with the cells that are immunopositive to SSEA-
1 (C and D). 'E and F' , Coronal sections correspond to the regions indicated by the 
broken lines in 'A' . The CSPG positive cells are located in the midline region of the 
future chiasm and occupy the ventral tier of the neuroepithelium (E). These cells 
occupy the lateral regions but not at the midline as shown in the caudal section of 
the chiasm (F). The retinal fiber layer could not be observed during this stage. 


































































CHAPTER 2 EXPRESSION OF CSPGS 
Figure 1 
Confocal micrographs showing immunoreactivity of CSPGs, SSEA-1 and 
the position of retinal axons in the chiasm of E13 and E14 embryos. ‘A — D，，Ln 
horizontal sections, the arrows point to the midline of the brain and anterior is up. 
'A', At E13, staining of CSPGs displays as a broad inverted V-shaped array opening 
caudally in the caudal half of the ventral diencephalon. Moreover, a midline 
extension (indicated by the arrowhead) is stemming out at the rostral end of the 
CSPG rich structure. A similar staining pattern is found at E14 (B). These CSPG-
rich regions appear to mark the caudal border of the retinal axons as indicated in 'C' 
that shows the DiI labeled retinal axons in the chiasm from the left eye of an E14 
embryo. 'OS', optic stalk. The dotted line represents the outline of the chiasm. The 
rostral part of the V-shaped array expressing CSPGs are likely to coincide with the 
SSEA-1 cells (D). 'E and F’，Coronal sections of the chiasm in an E13 embryo, 
which correspond to the regions indicated by the broken lines in 'A' . The retinal 
fiber layer can be observed at the ventral floor (marked by the brackets) of the 
diencephalon. The expression of CSPGs is localized in the cells at the chiasm, which 
are particularly prominent at the midline (indicated by the arrowhead in E), but is 
widely spread in a more caudal level at the chiasm (F). Staining is also detected in 
the retinal fiber layer, which concentrates in the deep layer of the retinal fibers in the 
caudal chiasm but appears to distribute evenly in the rostral chiasm (E). 
Scale bars: 'A, E and F，，200 pm; 'B', 100 \xm; 'C and D', 500 |am. 
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Figure 4 
Confocal micrographs showing the immunoreactivity of CSPGs in the 
chiasm of E14 embryos. 'A - C', Coronal sections correspond to the regions 
indicated by the broken lines as shown in Figure 3B. The arrow points to the midline 
of the brain and dorsal is up. 'A' , A substantial expression of CSPGs is localized in 
the cellular elements at the midline anterior to the retinal fibers in the chiasm. The 
optic stalks (OS) are, however, devoid of CSPG staining. 'B' , At a mid-level within 
the chiasm, the staining is confined to the cells immediately above the retinal fiber 
layer (indicated by the arrowhead). A slight elevation of staining intensity is noted in 
the retinal fiber layer (marked by the brackets) at the midline whereas fibers in 
regions flanking both sides of the midline show a basal level of staining. 'C' , At the 
caudal part of the chiasm, intense staining of CSPGs is detected in the fiber layer at 
the junctures of the chiasm and the optic tract (indicated by the arrowheads), which 
starts at about 300 ^im from midline and is most obvious at the deep parts of the 
chiasm and tract. 'D and E，，Horizontal sections of the ventral diencephalon double-
stained with DiI in the retinal axons and CS-56 antibody, which shows optic tract 
appeared as a discrete bundle of fibers at the lateral diencephalon (D), and the 
expression of CSPGs is localized predominantly at the deep regions of the tract 
(indicated by arrowheads in E). Anterior is up and medial is to the right. 
Scale bars: 'A - C' , 50 ^im; 'D and E' , 25 ^im. 
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CHAPTER 2 EXPRESSION OF CSPGS 
Figure 1 
Confocal micrographs showing immunoreactivity of CSPGs in the chiasm of 
an E15 embryo. Li these coronal sections of the ventral diencephalon, the arrows 
point to the midline of the brain and dorsal is up. 'A' , The expression of CSPGs is 
weak in the rostral chiasm during E15, while the optic stalk is devoid of labeling. In 
contrast, obvious staining is seen at the pia surrounding the stalk and in the cells at 
the lateral diencephalon. 'B' , In a more caudal section, a dense labeling of CSPGs is 
detected at the lateral margin of the chiasm about 300 ^im from the midline (marked 
by the asterisks). A slight but obvious elevation of staining is observed at the deep 
regions of the midline. 'C' , At the level of caudal chiasm and the tracts, CSPGs 
again express preferentially at the lateral regions of the fiber layer in the chiasm 
(The slight asymmetry in the retinal fiber layer is a sectioning artifact). This 
expression was continuous medially along the subpial region around the midline, but 
tapered off laterally towards the threshold of the optic tract. Besides, staining of 
CSPGs is found in the deepest regions at the threshold and also the proximal region 
of the optic tract (indicated by the arrowheads). Furthermore, many cellular elements 
in the ventral diencephalon express CSPGs and these cells had the morphology of 
the radial glia. 
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CHAPTER 3 ENZYMATIC DlGESTION OF CSPGS 
CHAPTER 3 
EFFECTS ON AXON ROUTING AFTER REMOVAL OF 
CHONDROITIN SULFATE PROTEOGLYCANS BY ENZYMATIC 
DIGESTION 
INTRODUCTION 
The patterns of axon routings in the mammalian retinofugal pathway are 
established precisely during development. At the chiasm of mouse embryos, the 
decision region for axon routing in the retinofugal pathway, distinct changes in fiber 
order are observed: 1) the segregation of . axons into uncrossed and crossed 
components; 2) the segregation of dorsal from ventral axons as they enter the optic 
tract; and 3) the rearrangement of fibers according to their time of arrival at chiasm 
and tract (Godement et al., 1987b，1990; Colello and Guillery, 1990; Chan and 
Guillery, 1993; Chan and Chung, 1999). The mechanisms that bring abbut these 
changes in fiber arrangement are largely unknown. 
One possible class of molecules that may be involved in controlling axon 
routing at the chiasm is chondroitin sulfate proteoglycans (CSPGs). Earlier studies 
have shown that CSPGs are expressed in a receding gradient in the rat retina, which 
is coincident with the differentiation of neurons and the direction of initial axon 
outgrowth in the retina (Snow et al., 1991; Brittis et al., 1992; Reese and Colello, 
1992; Mieziewska et al., 1994). The growth promoting effects of laminin on neurite 
outgrowth is inhibited when CSPGs are included in the substratum (Snow et al., 
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1991). Furthermore, an exogenous supply or a removal of CSPGs produces 
abnormalities in axon trajectory in the retina of rat embryos (Brittis et al., 1992; 
Brittis and Silver, 1994). These results point to an inhibitory function of CSPGs that 
in association with other growth promoting or inhibiting molecules regulate the 
direction of axon growth in the retinofugal pathway. 
Results in the last chapter have provided evidence that CSPGs are expressed 
by cells in the chiasm early before retinal axons arrive. The characteristic pattems of 
expression suggest that these molecules are possibly involved in regulating growth 
of the earliest axons that arrive at the chiasm, and may participate in the control of 
the partial decussation pattern of retinal axons. Moreover, the restricted expression 
of CSPGs at the deep parts of fiber layer at the junction of the chiasm and tract 
suggests that these molecules are responsible for establishing the age-related order at 
this position in the retinofugal pathway. The present study was aimed at examining 
whether abnormalities in axon trajectory arise when CSPGs are removed from the 
chiasm. The axon growth in the chiasm was investigated in a brain slice preparation 
of the retinofugal pathway of mouse embryos, at E13 and E14, when most retinal 
axons are still navigating their ways in the chiasm, in the presence of chondroitinase 
ABC that digests specifically the glycosaminoglycan chains from the core protein of 
the proteoglycans (Avnur and Geiger, 1984). The responses of retinal axons, as 
indicated by the morphology of their growth cones, after the removal of CSPGs 
from the chiasm were also determined in these preparations. 
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MATERIALS AND METHODS 
Preparation of Brain Slices 
Pregnant C57 mouse was killed by cervical dislocation and mouse embryos 
at E13 and E14 were removed by Caesarean section. The embryos were kept in 
chilled Dulbecco's modified Eagle's medium (DMEM)/F12 medium containing 
penicillin-streptomycin (100 U/ml and 100 ^g/ml, respectively). They were then 
decapitated, and the dorsal part of the headjust above the eyeball was removed with 
a razor blade. The third ventricle and the floor of ventral diencephalon were 
exposed, followed by removing the lower part of the head horizontally just below 
the eyeball. The overlying tissues around the eyeball were removed. The slice 
preparation of the retinofugal pathway that included the eyeballs, optic stalk, chiasm 
and a short segment of the optic tract, was obtained. 
Injection of DiI and Culture of Brain Slices 
The brain slice was then transferred onto a petri-dish, with ventral surface 
facing upward. Drops of culture medium were added to keep it moist. A hole was 
made at the closed ventral fissure of the eye with a tungsten needle. With the aid of a 
picospritizer (General Valve), DiI (1,1 ‘-DioctadecyI-3,3,3‘ ,3‘-tetramethylindo-
carbocynaine perchlorate; DiICig(3) from Molecular Probes) solution in dimethyl 
sulphoxide (Sigma) was injected into the retinal layer of the eye. Afterwards, the 
brain slice was cultured in DMEM/F12 with 10% fetal bovine serum (FBS, Gibco) 
in a screw-capped vial, gased with 100% oxygen and incubated at 2>TC in a rolling 
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incubator for 5 hours. In each vial, two pieces of brain slices were cultured in 2 ml 
culture medium. Chondroitinase ABC (Sigma) dissolved in distilled water was 
added before incubation. This enzyme catalyzes the formation of unsaturated 
disaccharides from chondroitin 4- or 6- sulfate (Yamagata et al., 1968). In this study, 
0.1 and 0.5 U/ml digestive enzyme were used, only those treated with 0.5 U/ml 
enzyme were chosen for analysis. Control experiments were done without enzyme. 
ConfocaI Microscopy 
After a 5-hour incubation, the brain slices were fixed in freshly prepared 4% 
paraformaldehyde in 0.1 M phosphate buffer at pH7.4 ovemight and were trimmed 
in 0.1 M phosphate buffered saline (PBS; at pH7.4) to remove tissue overlying the 
chiasm and the optic stalk. The wholemount pathways were then examined under 
confocal microscope (MRC 600，Bio-Rad), using the green excitation filter set 
(GHS) for capturing the DiI labeled axons. The images captured were stored in 
SparQ disks (Syquest). 
Image Analysis of Growth Cones 
Individual growth cones were imaged using the 40x objective at different 
regions of the chiasm. A region where the growth cone has already entered the 
chiasm before reaching the midline (200 pm) of the ventral diencephalon was 
defined as the 'premidline region', whereas after crossing the midline, the region of 
the pathway is designated as the 'postmidline region' (200 ^im). Only those with a 
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typical morphology (distinctive axons tipped with expanding structure) would be 
chosen for measurement. The surface area of the growth cone in the confocal images 
was then measured using the COMOS software. The data were then analyzed using 
the Mann-Whitney Rank Sum Test and the results was plotted using SigmaPlot 
software. 
Immunocytochemistry 
In order to verify the extent to which the specified chondroitin sulfate 
proteoglycan chains was removed by the chondroitinase ABC, the brain slice tissues 
were selected for immunostaining with the monoclonal antibody against chondroitin 
sulfates (clone CS-56; Sigma). After taking the images of the retinal axons at the 
chiasm, the brain slice was sectioned horizontally into 100 \im thickness, and stained 
with primary antibody CS-56 and then with the FrTC-conjugated secondary 
antibody. This method was described in the previous chapter. The images were 
captured under a confocal imaging system using the blue excitation filter (BHS) and 
stored in SparQ disk (Syquest). The extent of digestion was examined by the 
immunoreactivity of CSPGs after enzymatic treatment. 
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RESULTS 
Removal of CSPGs by Enzymatic Digestion using Chondroitinase ABC 
To check the completeness of enzymatic digestion of chondroitinase ABC, 
residual CSPGs in the brain slices after the 5-hour culture were detected by the 
immunocytochemical method using monoclonal antibody CS-56. Among the 
concentrations used, a complete removal of CSPGs as revealed by immunostaining 
at the chiasm was found in all sections examined (7 in E13 and 4 in E14 embryos) 
when 0.5 U/ml chondroitinase ABC was used. In this study, therefore, those brain 
slice preparations treated with 0.5 U/ml enzyme were selected (compare Fig. lA and 
lB) for analysis. Control experiments (6 in E13 and 3 in E14 embryos) 
demonstrated that the expression patterns of CSPGs showed no obvious changes 
after the 5-hour incubation (Fig. lB). Expression of CSPGs was found in the caudal 
regions and the lateral surfaces of the ventral diencephalon, which is simHar to the 
pattern seen in the mouse embryos at comparable age (see Chapter 2), indicating that 
the culturing system did not cause obvious degradation of these molecules. 
Changes of Axon Routing at the Chiasm after Enzymatic Removal of CSPGs by 
Chondroitinase ABC 
The axon courses of DiI filled retinal axons were observed in the brain slice 
preparations. In the control embryos at E13 (n = 14) after a 5-hour culture, retinal 
axons entered the ventral diencephalon in a posterior-medial direction (Fig. lC). 
After leaving the optic stalk, some retinal axons appeared to deviate from the major 
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fiber bundle and grow rostrally to form a loop (indicated by the empty arrow). These 
axons turned at a region about 200 ^m from and grew perpendicularly to the midline 
of the chiasm midline (indicated by the vertical dash line). There were few 
uncrossed axons in our preparations. After crossing the midline, the axons continued 
their courses as a discrete fiber bundle and eventually reached the lateral 
diencephalon to form the optic tract (Fig. lC and lD). 
In the absence of CSPGs, abnormal trajectories of axon growth were 
observed in the chiasm o fE13 embryos (n = 12). As in the control, many axons had 
already crossed the midline and grown into the tract. However, after the removal of 
CSPGs, retinal axons spread rostrally and took a comparatively straight course in the 
form of a rather diffused fiber bundle across the midline, instead of taking a course 
in the posterior-medial directions as in the controls (compare Fig. lC and lE). The 
restricted region at the midline for axon crossing as in the controls appeared to be 
removed by the enzymatic digestion of CSPGs, and it allowed retinal axons to cross 
at a wider region along the anterior-posterior axis at the midline. Furthermore, after 
crossing the midline, retinal axons continued their course as a diffused bundle. Most 
axons appeared to grow into the tract, but a number of aberrant projections were 
commonly found in all embryos treated with chondroitinase ABC. hstead of 
following the path directly into the optic tract, these axons strayed from the major 
bundle and grew to inappropriate parts of the ventral diencephalon, forming 
numerous aberrant projections (Fig. lE and lF). It could also been observed that an 
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abnormally large number of retino-retinal axons grew into the stalk on the opposite 
side (Fig. lG). 
By E14, a substantial number of axons have grown through the chiasm (Fig. 
2A). to control embryos (n = 13)，the course of these axons was relatively straight, 
without obvious bending as seen in the chiasm at E13. A number of ipsilaterally 
projecting axons could be observed during this stage (position indicated by 
arrowhead in 2A, higher magnification in 2B) that ran laterally at the chiasm as a 
discrete bundle to the ipsilateral optic tract. These axons were likely from the central 
retina, which forms the early component of uncrossed projection as described in 
earlier studies (Godement et al., 1987b; Colello and Guillery, 1990; Chan et al., 
1999). After the enzymatic removal of CSPGs, no obvious changes in the general 
axon course through the chiasm was observed in these brain slice preparations (n = 
6; Fig. 2C). The retinal axons in enzyme treated chiasm displayed no. apparent 
difference in their routings of axons before and after crossing the midline. However, 
the routing of uncrossed axons was severely affected, as there was virtually no sign 
of any ipsilateral projection in the optic tract of all enzyme treated embryos 
examined (compare Fig. 2B and 2D). 
As a summary, we have shown that the routings of axons in E13 and E14 
mouse embryos are severely affected after the removal of CSPGs. It appears that the 
proteoglycans are crucial in setting the course in the early phase of axon routing in 
the chiasm, as a removal of these molecules in E13 chiasm produces a straying of 
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axons to inappropriate regions of the ventral diencephalon (see upper panel in Fig. 
3). Furthermore, the development of the uncrossed projection relies on the presence 
of CSPGs at the chiasm. Removal of these proteoglycans at E14 results in the total 
abolishment of the uncrossed component in the retinofugal pathway (lower panel in 
Fig. 3). 
Morphological Changes of Retinal Growth Cone after Removal of CSPGs 
Static and dynamic studies revealed that the morphology of growth cones 
reflects the complexity of environment that they are encountered at the chiasm 
(Bovolenta and Mason, 1987; Godement et al.; 1990, 1994; Sretavan and Reichardt, 
1993; Mason and Wang, 1997; Chan et al., 1998). We have investigated in this study 
the changes in growth cone morphology in the chiasm after enzymatic digestion of 
CSPGs. The chiasm was divided into two regions: premidline and postmidline. 
Premidline region was defined a region of chiasm where axons are growing towards 
the midline. The axons in the premidline region are either crossed or uncrossed, bi 
this study, no distinction was made between the crossed and the uncrossed axons. 
Postmidline region is the region at the chiasm where all axons are crossed. 
Some typical examples of retinal growth cones in premidline and 
postmidline chiasm are depicted in Figure 4 and Figure 5 (upper panels). At both 
E13 and E14, simple growth cones that have an elongated central core and a few 
processes were commonly found in the premidline region. Growth cones in 
postmidline regions were generally more complex in morphology, with a large core 
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area and irregular in shape. These growth cones usually possessed a number of short 
filopodial processes. After the treatment of chondroitinase ABC, the growth cone 
morphology increased significantly in complexity in embryos of both ages. Jn both 
pre- and post-midline regions, the growth cones became larger and more irregular in 
shape when compared to those in controls (Fig. 4 and 5，upper panels). One 
characteristic feature of these changes is an increase in veil like lamellopodia in 
growth cones at both chiasmatic regions. Statistical analyses of the growth cone 
morphology in E13 preparations showed that in premidline region, the mean growth 
cone area was significantly increased after removal of CSPGs (controls, n = 38; 
mean area was 24.5 土 1.4 ^ m ^ chondroitinase treated one, n = 30，mean area was 
31.6 土 1.9 ^im2; p = 0.0028’ Mann-Whitney Rank Sum Test). In the postmidline 
region, mean growth cone area for controls (n = 40) was 31.6 ± 2.3 pm^ while for 
enzyme-treated preparations (n = 74) was 37.5 土 1.4 | i m l There was again a 
significant increase in growth cone area after the enzymatic treatment (p. = 0.02). 
Similar results were obtained by analyzing the morphological data of growth cone 
area in E14 preparations, and there were significant increases in growth cone area at 
both pre- and post-midline chiasm after the removal of CSPGs. In the premidline 
chiasm，the mean growth cone area in controls was 21.3 土 0.85 ^im^ which is 
significantly smaller than the growth cone area in enzyme treated preparations (26.5 
2 
土 1.36 fim ； p = 0.0016). In the postmidline chiasm, the mean growth cone area in 
control preparations was 25.73 土 1.23 i^m?，which was again significantly smaller 
than the one obtained in enzyme treated preparations ( 3 9 . 6 3 土 3 . 3 l im?，p<0.0001). 
Taken together, these morphological analyzes indicated that removal of CSPGs in 
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the chiasm resulted in a drastic remodeling of retinal growth cone morphology, 
which suggesting that the retinal axons are actively exploring and responding to the 
environment without CSPGs at the chiasm. 
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PlSCUSSION 
The present study has investigated the possible functions of chondroitin 
sulfate proteoglycans on routing of axons in the chiasm of mouse embryos, by 
looking at the axon growth in a brain slice preparation of the retinofugal pathway 
after the enzymatic removal of CSPGs. It was found that at E13, when most axons 
first arrive at the chiasm, removal of CSPGs causes a production of pathway 
abnormality in which the retinal axons become diffused when they approach the 
midline, and many axons go astray in inappropriate regions in the ventral 
diencephalon. The removal of CSPGs at E14 appears not to produce major 
alternations in axon trajectory across the midline, but affects severely the routing of 
uncrossed axons into the ipsilateral tract. Furthermore, it is shown that the 
morphology of retinal growth cones increases in complexity after the enzymatic 
removal of CSPGs. These changes in morphology are seen in both pre- and post-
midline chiasm, indicating that the absence of CSPGs causes changes in axon 
responses to guidance cues at the chiasm, which may underlie the abnormalities in 
axon routings as demonstrated in the enzyme treated preparations of the retinofugal 
pathway. 
Functions of CSPGs on Axon Routing in E13 and E14 Chiasm 
][n order to understand the functions of CSPGs in patterning the course of 
retinal axons at the chiasm, the axon growth was studied after removing the 
carbohydrate moieties from the protein core of the proteoglycans using 
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chondroitinase ABC. The most obvious changes in axon course at the chiasm are 
found at E13, in which the retinal axons deviate from their original paths and fail to 
refasciculate after crossing the midline, resulting in the growth of retinal axons to 
many inappropriate regions in the ventral diencephalon and opposite optic stalk. The 
erroneous growth after the removal of CSPGs indicates that these proteoglycan 
molecules are involved in patterning the axon growth across the midline at E13. At 
this stage of development, most axons have just arrived at the chiasm. Results of 
retrograde studies show that all of these axons are from the central retina (Godement 
et al., 1987b; Colello and Guillery, 1990; Chan et al., 1999). These earliest axons 
appear to rely on a contact mediated interaction with the specialized neurons for 
their courses in the chiasm. Studies of the axon course in the mouse chiasm 
demonstrated that the first axons that arrive at the chiasm follow closely to the 
anterior border of neurons in the ventral diencephalon, which are immunopositive to 
CD44 and an antibody against SSEA-1 (Sretavan et al., 1994; Marcus and Mason, 
1995). These chiasm neurons have been shown to exert a dampening or suppressive 
effect on neurite outgrowth from the retina, either via a contact mediated interaction 
(Wizenmann et al., 1993; Sretavan and Reichardt, 1993) or through a diffusible 
factor (Wang et aL, 1995, 1996). In the previous chapter, it has been shown that the 
CSPG expression coincides with that of SSEA-1 expressing neurons in the ventral 
diencephalon of E13 mouse embryos. These results together with findings in this 
study lead to the conclusion that CSPGs are likely to be expressed in the chiasm 
neurons and are involved in patterning the course of early retinal axons in the 
chiasm. The questions of whether CSPGs are only involved in the contact mediated 
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guidance of whether they are produced as soluble factors that affect neurite 
extensions in culture are unknown. It should be noted that although the axon course 
in the preparations is abnormal after enzymatic digestion of CSPGs, the retinal 
axons are still able to travel across the midline and most of them appear to target to 
the tract. It is possible that other guidance cues are involved in signaling the growth 
of these earliest axon trajectories, such as L1 and CD44 which were reported to be 
expressed by cells in the chiasm (Sretavan et al., 1994; Mason and Sretavan, 1997). 
The axon growth in the chiasm is probably mediated by an expression of growth 
promoting molecules and growth inhibiting molecules. It is likely that CSPGs serve 
the later role to provide a less permissive substrate to the axon growth at the chiasm. 
Although the overall pattern of axon routing does not show any obvious 
change in E14 embryos after the enzymatic removal of CSPGs, the uncrossed 
components in all embryos examined are absent. At E14, substantial number of 
retinal axons have already crossed the midline and grown into the optic tract, 
therefore, a removal of CSPGs at this stage does not produce a severe effect on the 
axons that have already grown through the chiasm. However, for those uncrossed 
axons, whether they are from the central retina or from the ventral temporal retina, 
they arrive at the chiasm at about E14 in the mouse retinofugal pathway (Godement 
et al., 1990; Chan et al., 1999). These axons are probably looking for cues at the 
midline for making turns to the ipsilateral optic tract. The failure of the uncrossed 
projection to develop in the enzyme treated preparations suggests strongly that 
CSPGs are involved in the routing process that turn the uncrossed axons at the 
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chiasm. However, the mechanism of this CSPGs mediated turning process is 
unknown. It is possible that the control of axon divergence at the chiasm relies on 
whether the axons express receptors for CSPGs. 
In this study, it has been shown that the retinal growth cones become more 
complex when CSPGs are removed from the chiasm. These changes in growth cone 
shape are observed at both E13 and E14, and in the pre- and post-midline regions of 
chiasm. In the mouse optic chiasm, the growth cones of retinal axons change their 
shapes when they reach this decision region of the pathway. The growth cone 
morphology largely reflects interactions of growing axon with the environment 
(Bovolenta and Mason, 1987; Godement et al., 1994; Mason and Wang, 1997; Chan 
et al., 1998). In the retina of rat embryos, it has been shown that a disruption of 
retinal ganglion cell outgrowth occurred after removal of CSPGs by enzymatic 
digestion (Brittis et al., 1992). It is reasonable to argue that the abnormal paths in the 
enzyme-treated chiasm are the results of removing guidance signals that are 
important in directing axon growth to the optic tract, either on the same side or on 
the opposite side. The absence of these guidance molecules changes the response of 
growth cones at the chiasm, and these changes may be reflected in the increased 
complexity in growth cone morphology as reported in this study. 
It is noted in this study that chondroitinase ABC is highly specific for 
removing the chondroitin sulfate chains such that it abolishes the antigenic reactivity 
of CSPGs as revealed by the CS-56 antibody (Avnur and Geiger, 1984). Li vitro 
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analysis demonstrates that CSPGs inhibit the axon growth even in the presence of 
growth promoting molecules such as NCAM and laminin. This inhibitory effect is 
abolished by enzymatic removal of the glycosaminogIycan side chains from the core 
protein of the proteoglycans (Snow et al., 1990a). Results in the present study 
support the idea that the axon guidance mechanism of CSPGs at the mouse chiasm is 
mediated through the chondroitin sulfate moieties. However, results in other studies 
have demonstrated that the core glycoproteins are also potent inhibitors (Dou and 
Levine, 1994; Grumet et al., 1994) or promoters of neurite outgrowth (Ejima et aL, 
1991). Although this study indicates the importance of the chondroitin sulfate chains 
in axon routing, the possible role of the core protein on axon growth in the chiasm 
cannot be ruled out. Other glycosaminoglycans, including hyaluronic acid, 
chondroitin, heparin, heparin sulfate, or keratin sulfate, are not cleaved by the 
chondroitinase ABC (Yamagata et al., 1968). These molecules, if present, may 
function in guiding axons in our preparations of the retinofugal pathway. • 
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Figure 1 
Confocal micrographs showing the brain slice ^preparations of E13 C57 
mouse embryos after a 5-hour culture. 'A and B', Horizontal sections showing the 
immunoreactivity to CS-56 in the chiasm of a control (A) and an enzyme treated 
(0.5 U/ml chondroitinase ABC) preparation (B). The lack of staining after enzymatic 
digestion indicates the completeness of CSPG removal. The arrows point to the 
midline and anterior is up. 'C - G', The patterns of axon routing in the ventral 
diencephalon of the control and chondroitinase (Ch-ABC) treated preparations. 
Retinal axon ingrowth at the chiasm is visualized by DiI-labeling at the right eye (on 
the left of the image). All panels show the ventral view and anterior (A) is up. The 
vertical dashed lines represent the midline. 'C' , At E13, the retinal axons enter the 
ventral diencephalon in a posterior-medial direction, then turn to grow 
perpendicularly to the midline of the chiasm and continue their course as a discrete 
fiber bundle (indicated by the arrowhead and in D, a higher magnification of the 
boxed area in C). 'E ' , After enzymatic digestion, the retinal axons spread rostrally 
and grow into a relatively straight course in a rather diffused fiber bundle across the 
midline. These axons apparently cross at a wider region along the anterior-posterior 
axis (compared C and E, indicated by the asterisks). The boxed area shows an 
abnormally large number of retino-retinal projections to the optic stalk on the 
opposite side (indicated in G). 'F' , An example showing the straying of the retinal 
axons from the major bundle and form numerous aberrant projections at the chiasm. 
Scale bars: 'A and B' , 200pm; 'C and E' , 100 ^im; 'D' , lOOpm; 'F and G', 50^im. 
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Figure 1 
Confocal micrographs showing the patterns of axon routing in the ventral 
diencephalon o f E 1 4 mouse embryo preparations after a 5-hour culture. Retinal axon 
ingrowth at the chiasm is visualized by DiI-labeling at the right eye (on the left of 
the image). All panels show the ventral view and anterior (A) is up. The vertical 
dashed lines represent the midline. 'A', At E14, a substantial number of retinal 
axons has grown through the chiasm. These axons travel in a relatively straight 
trajectory as compared with E13. The arrowhead indicates that a number of 
ipsilaterally projecting axons run laterally at the chiasm to the ipsilateral optic tract. 
Arrowhead points to the uncrossed axons that appear to turn into the ipsilateral tract, 
which is shown in a higher magnification in 'B'. 'C' , After the chondroitinase (Ch-
ABC) treatment, the axons exhibit a similar trajectory before and after crossing the 
midline. However, the uncrossed projection is absent in this enzyme-treated brain 
slice preparation as indicated by a higher magnification in 'D' , in which the asterisk 
marks the premidline region of the chiasm that contains no uncrossed axons when 
compared with 'B' . 
Scale bars: 'A and C', lOO^m; 'B and D', lOOpm. 
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Figure 1 
Drawing depicting the differences in the patterns of axon routing between the 
control and the chondroitinase ABC (Ch-ABC) treated embryos at E13 (upper 
panels) and E14 (lower panels) after a 5-hour culture. These drawings are made 
from the confocal images of 10x magnification, such that they illustrate only the 
overall patterns and directions of axon routing. All panels show the ventral view of 
the diencephalon. Anterior is up. The vertical dashed lines represent the midline. At 
E13 (upper panels), the removal of CSPGs apparently produces a straying of axons 
to inappropriate regions of the ventral diencephalon, while the uncrossed component 
is abolished at E14 after enzymatic digestion. 
Scale bar: 100 ^im. 
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Figure 1 
Confocal micrographs (upper panels) of DiI-labeled retinal growth cones 
showing typical morphologies in the pre- and post-midline chiasm at E13. In the 
premidline region, the retinal growth cones display a relatively simple and elongated 
shape when compared with those in the postmidline region. After chondroitinase 
ABC (Ch-ABC treated) digestion, the growth cones in both regions increase in size 
and complexity. These growth cones have a few short filopodial processes and are 
irregular in shape. 
Scale bar: 25^m. 
Graph (lower panel) showing the effects of chondroitinase ABC on growth 
cone morphology at the chiasm of E13 mouse embryos. Both the pre- and post-
midline regions show a significant increase (marked by asterisks; *p<0.05^ 
**p<0.01) after enzymatic removal of CSPGs. Statistics is calculated by Mann-
Whitney Rank Sum Test. Data is mean 土 SEM (standard error of mean, error bars). 
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Figure 1 
Confocal micrographs (upper panels) of DiI-labeled retinal growth cones 
showing typical morphologies in the pre- and post-midline chiasm at E14. At this 
stage, simple growth cones are found in premidline region and postmidline regions. 
After the treatment of chondroitinase ABC (Ch-ABC treated), the retinal growth 
cones are generally larger and increase in complexity in morphology. 
Scale bar: 25|um. 
Graph (lower panel) showing the effects of chondroitinase ABC on growth 
cone morphology at the chiasm of E14 mouse embryos. Both the pre- and post-
midline regions show a significant increase (*p<0.01) after enzymatic removal of 
CSPGs. Statistics is calculated by Mann-Whitney Rank Sum Test. Data is mean 士 
SEM (standard error of mean, error bars). . 
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CHAPTER 4 
IMMEDIATE EFFECTS OF PRENATAL MONOCULAR 
ENUCLEATION ON THE CELLULAR AND MOLECULAR 
ENVIRONMENT IN THE DEVELOPMENT OF RETINOFUGAL 
PATHWAY 
INTRODUCTION 
In the mouse retinofugal pathway, the uncrossed projection arises from 
ganglion cells in ventral temporal retina, whereas the crossed components come 
from the whole retinal areas (Drager, 1985; Godement et al., 1987b; Colello and 
Guillery, 1990; Sretavan, 1990). The developmental events that produce the partial 
decussation and other fiber rearrangement, as described in previous chapters, depend 
on interactions of retinal axons with the local guidance cues at the chiasm. Previous 
study in this thesis has demonstrated that the chondroitin sulfate proteoglycans 
(CSPGs) may serve as one of the potent molecular candidates that participate in the 
axon guidance of developing mouse retinofugal pathway. These molecules appear in 
the chiasmatic midline during the major periods of axon ingrowth, and may be 
related to axon divergence at the ventral diencephalon. The expression of these 
molecules in other chiasmatic regions may be correlated with the fiber sorting 
processes during development, such as the chronotopic and retinotopic orders in the 
optic tract. 
Apart from the molecular environment, studies have been focused on the 
resident cellular components in the chiasmatic midline at which retinal divergence 
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occurs, including the palisade of RC2 positive radial glia and neurons expression 
SSEA-1 (Marcus and Mason, 1995; Marcus et al., 1995; Mason and Sretavan, 
1997). ]n vitro studies show that these cellular contexts suppress the growth of axons 
from the ventral temporal retina that gives rise to the uncrossed projections, but not 
the crossed axons from other retinal regions (Wizenmann et al., 1993; Wang et al., 
1995，1996). These radial glial cells and chiasm neurons may produce signaling 
molecules for axon guidance at the midline. 
In addition to the cellular and molecular interactions, routing of axons at the 
chiasm also relies on an interaction of fibers from the two eyes. This binocular fiber 
interaction has been implicated in studies in which one eye is removed early in 
mouse embryos before the arrival of axons at the chiasm, resulting in a reduction in 
the uncrossed pathway from the remaining eye in subsequent development of the 
retinofugal pathway (Godement et al., 1987a, 1990). These uncrossed axons 
accumulate at the chiasmatic midline without crossing or turning, thus suggesting 
guidance mechanism is necessary for them to make tums after responding to the 
inhibitory cues at midline and that the guiding mechanism depends on the presence 
of axons from the other eye. Further studies in our laboratory have demonstrated that 
significant decreases are observed in the later generated uncrossed axons from the 
ventral temporal retina, but those early uncrossed axons from central retina are not 
affected (Chan et al., 1999). These observations supports the idea that these 
uncrossed axons depend on interactions with crossing fibers from the opposite eye 
during the later stages of development. 
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One explanation for the reductions of uncrossed component after early 
monocular interaction is the lack of binocular interaction at the chiasm, but it is 
equally possible that removal of one eye causes degenerative changes of the cellular 
environment at the chiasm, and that these changes produce the abnormality in axon 
routing as reported in previous studies. In the present study, we investigated the 
possible causes for the axon misrouting in monocular enucleated embryos, t i order 
to define whether the reduction in the uncrossed retinofugal pathway is related to a 
change in cellular and molecular components in the chiasm as a consequence to the 
monocular enucleation, the configurations of RC2 positive radial glial cells and 
SSEA-1 immunopositive chiasm neurons, as well as the expression patterns of 
chondroitin sulfate proteoglycans (CSPGs), were examined 24 hours after the eye 
removal in E13 mouse embryos. 
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MATERIALS AND METHODS 
Animals 
Time-mated pregnant C57 pigmented mice were bred and obtained from the 
Animal House of the University. Embryonic day 0 (E0) was denoted as the day 
when a vaginal plug was identified. 
IntrauteraI Surgery 
Monocular enucleation was done on E13 embryos, a time when retinal axons 
first reach the chiasm. Pregnant mice were anesthetized with an intraperitoneal 
injection of either a mixture of hypnorm (Jenssen Animal Health) and hypnovel 
(Roche) (1:1 in 2 parts of sterilized distilled water) (0.1 ml/10 g body weight), or a 
mixture of ketamine (0.1 mg/g) and xylazine (0.01 mg/g) (0.1 ml/10 g body weight). 
Injection was given at the lower abdominal region to the umbilicus to avoid 
damaging the embryos. 
Operations were done with the aid of a binocular dissecting microscope 
(Zeiss), accompanied by a fiber-optics light source. Through a small incision on 
ventral midline of the abdominal wall, the two uterine horns were exposed and the 
pigmented eyeballs in embryos could be identified through the thin uterine wall. 
Operation was done at the position opposite to that of the placenta, with the embryo 
oriented so that one of the eyes faced the poorly vascularized region of the uterine 
wall. A purse-string suture in the uterine wall over the position of the eye was 
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applied with 7/0 surgical suture. The eyeball together with the immediate adjacent 
uterine wall was then burnt out by a hand-held microcauterizer inside the loop. Care 
was taken to avoid the damage of any uterine or embryonic vessels. The purse-string 
suture was immediately tightened with the wound closed, the embryo was returned 
to the abdominal cavity. Usually two embryos, one from each uterine hom, would be 
operated in a single litter. When two embryos were enucleated, the abdominal wall 
and the skin were sewed up using 7/0 and 6/0 surgical sutures respectively. The 
mother was allowed to recover in a warm environment. 
Immunohistochemical Staining 
Both the enucleated embryos and their normal siblings were removed by 
Caesarean section at E14 (24 hours after monocular enucleation), decapitated and 
fixed in freshly prepared 4% paraformaldehyde (in 0.1 M phosphate buffer; pH7.4) 
ovemight. The heads were embedded in a gelatin-albumen mixture and serially 
sectioned at 100 fim either horizontally or coronally on a vibratome. The sections 
were stained either with a monoclonal antibody RC2 for radial glial cells (Misson et 
al., 1988; Marcus et al., 1995), an antibody against stage specific antigen-1 (SSEA-
1) for chiasm neurons (Solter and Knowles, 1978; Marcus et al., 1995), or an 
antibody 3A10 for neurofilament-associated antigen in axons (Yamada et al., 1991). 
All of these primary antibodies were obtained from the Developmental Studies 
Hybridoma Bank. The other sections were stained with a monoclonal antibody 
against chondroitin sulfates from the clone CS-56 (Sigma), which recognizes both 
the chondroitin-4-sulfate and chondroitin-6-sulfate chains of the glycosamino-
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glycans (Avnur and Geiger, 1984). These sections were blocked with 10% normal 
goat serum (NGS from Sigma) in phosphate buffered saline (PBS; pH7.4), and 
incubated overnight at 4°C in primary antibody with 1% NGS and 0.5% Triton X-
100 (Sigma) in PBS (RC2, 1:5; anti-SSEA-1, 1:5; 3A10, 1:10; CS-56, 1:200). After 
three washes with PBS, the sections were incubated in fluorescein isothiocyanate 
(FrrC)-conjugated secondary antibody (anti-mouse IgM for RC2, anti-SSEA-1 and 
CS-56 antibodies, at 1:200; anti-mouse IgG for 3A10, at 1:100; from Jackson 
Laboratories) for 1 hour. The secondary antibodies were all diluted with 1% NGS 
and 0.1% Triton X-100 in PBS. After three washes with PBS, the sections were 
mounted on glass slides with an anti-fading. medium (0.1% p-phenylenediamine, 
pPD) and coverslipped. The staining patterns at the chiasm were examined using a 
MRC 600 confocal imaging system (Bio-Rad) connected to a Zeiss Axiophot 
photomicroscope (Carl Zeiss) with the blue filter set (BHS). The digital images were 
stored in Jaz disks (Iomega) for subsequent analyses. ‘ 
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RESULTS 
Technical Considerations 
In order to eliminate the fiber interactions from the opposite eyes, the 
monocular enucleations in this study was done at age E13, when retinal axons have 
just arrived at the chiasm of mouse embryos (Godement et al., 1987b). Complete eye 
removal in enucleated embryos was confirmed by examining the sections that 
contained the orbit and the intact eye, optic stalk and the chiasm (Fig. lA, lB). It is 
also important that the prenatal surgery did not cause any significant deformation of 
other structures. The anatomical structures of all embryos were checked for any 
obvious deformation of cranial-facial structures after operation. Only a few of the 
enucleated embryos showed deformation of the head and they were discarded. The 
enucleated embryos included in the study have no obvious difference in external 
morphology from unoperated siblings except the absence of one eye. Figure lA and 
lB shows that there was no trace of retinal tissue in the lesioned orbit of the 
enucleated embryo, whilst the unoperated eye and the ventral diencephalon were 
morphologically normal, without any obvious deformation. The cellular structure of 
the chiasm, as well as the expression patterns of CSPGs, was investigated in these 
embryos to reveal if there is any instant change in response to the damage caused to 
one optic nerve. 
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Effects of E13 Monocular Enucleation on the Radial Glia of the Ventral 
Diencephalon 
Substantial numbers of retinal axons have already reached the chiasm at E14 
(Godement et al.，1987b; Sretavan, 1990; Chan et al., 1998). During this stage, the 
RC2 positive radial glial cells displayed as a palisade draped along the chiasm and 
the ventral diencephalon in coronal sections of the control embryos (n = 11) (Fig. 
2A). The apical processes of these cells abutted on the ependymal layer of the third 
ventricle and the basal processes extended down to the ventral pial surface. As 
revealed by the antibody 3A10 that binds to the neurofilament-associated antigen in 
nerve processes (Fig. 2D)，the basal processes of radial glia ramified extensively into 
many fine filamentous processes (Fig. 2B and 2C) when they penetrated the retinal 
fiber layer in the ventral region of the chiasm. These basal glial processes and their 
ramifications formed a dense meshwork dorsal to the retinal fiber layer. It is also 
noted that the immunostaining was relatively sparse in the chiasmatic midline at the 
cellular region dorsal to the retinal fiber layer (indicated by the arrow in Fig. 2B), 
and was absent in the optic stalk and at the junction of the stalk and the 
diencephalon (marked by the asterisk in Fig. 2C). 
In embryos 24 hours after enucleation, the palisade arrangement of radial 
glia was seen throughout the chiasm in all enucleates studied (n = 8) (Fig. 2F). There 
was no sign of morphological or degenerative changes at the chiasm after the 
unilateral eye removal. As in control embryos, the densely labeled glial meshwork 
was found dorsal to the retinal fiber layer in the enucleates (Fig. 2E). The only 
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obvious difference that was noted in all enucleates was that the retinal fiber layer 
appeared to be thinner in the absence of one eye (compare Fig. 2A and 2F, the 
enucleated eye is on the left in Fig. 2F). The region at the midline of the chiasm that 
is devoid of RC2 immunopositive cells was also found in all enucleates (Fig. 2E). 
The early removal of one eye did not cause an obvious change in the staining pattem 
of RC2 positive glia. 
Effects of E13 Monocular Enucleation on the Chiasm Neurons 
Previous studies reveal that a population of neurons from the tract of post-
optic commissure expresses the SSEA-1 antigen in the anterior hypothalamus 
(Easter et al., 1993; Sretavan et aL, 1994; Marcus et al., 1995). At E14, horizontal 
sections showed that the monoclonal antibody against SSEA-1 stained a group of 
cells in the caudal half of the ventral diencephalon posterior to the course of the 
retinal axons in the chiasm and optic tracts in controls (n = 9) (compare Fig. 3B with 
Fig. 3D and 3E). The cells expressing SSEA-1 were found as two symmetrical 
domains in the middle one third of the ventral diencephalon about 300 ^m from the 
ventral pial surface (Fig. 3C). These SSEA-1 positive cells met rostrally at the 
midline of the brain and formed a rostral raphe extension along the midline of the 
chiasm in more ventral sections (Fig. 3D and 3E). This rostral extension was 
composed of cells that send processes through the region of the midline where 
retinal axons decussate (Fig. 3F). Laterally these SSEA-1 cells were split into two 
limbs, which opened towards the lateral margin of the diencephalon. These cells 
formed the posterior border of the chiasm, whilst the rostral raphe extension has 
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been related to the development of partial decussation of retinal fibers in the chiasm 
(Marcus et aL, 1995). 
Twenty-four hours after removal of one eye at E13, there was no obvious 
change in this characteristic cellular configuration at the ventral diencephalon. 
Horizontal sections of the brain in all enucleates (n = 4) revealed a normal staining 
pattem of SSEA-1 cells, which, as in the controls, formed an inverted V-shaped 
arrangement in the ventral diencephalon (Fig. 3G and 3H). The rostral raphe 
extension at the midline of the chiasm, where the partial decussation of retinal axons 
takes place, was also seen in all enucleated embryos. 
Effects of E13 Monocular Enucleation on the Expressions of Chondroitin 
Sulfate Proteoglycans at the Chiasm 
During the critical period of axon ingrowth into the chiasm at.E14, the 
immunostaining for CS-56 was expressed symmetrically on both sides of the 
midline as described in previous chapter. In the horizontal sections of control 
embryos (n = 8), the staining pattern was distributed in the chiasm as two identical 
domains (Fig. 4A). At about 300|im from the ventral pial surface, horizontal section 
showed that the CSPGs expression lined adjacent to the third ventricle and formed 
two arrays that aligned through the medial to lateral part of the posterior ventral 
diencephalon (Fig. 4A). In more ventral surface, it could be observed that the 
expression pattern was flanking the posterior border of the retinal pathway at chiasm 
as compared with the axonal path labeled by DiI (Fig. 3B). It was also noted that the 
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chondroitin sulfate epitope displayed a population along the midline where the axons 
from both eyes would meet and decussate to contralateral side of the brain (Fig. 4C, 
indicated by the arrowhead). It is apparent that the configurations of CSPG 
expression followed closely to the population of cells that expressed the SSEA-1 
antigen at the ventral floor of diencephalon (compare Fig. 4C with Fig. 3E), which 
also formed an inverted V-shaped array with a rostral extension. In coronal section 
(Fig. 4E), the staining of CSPGs was concentrated in the cells at the midline and at 
the dorsal part of the retinal fiber layer. 
There was no obvious change in the expression pattem of CSPGs at the 
chiasm after the early removal of one eye. In embryos 24 hours after enucleation (n 
=8)，the staining of CSPGs in the monocular enucleates was similar to that in the 
normal embryos, both in horizontal and coronal sections of the diencephalon 
(compare 4A, 4C and 4E with 4B, 4D, and 4F, respectively). The inverted V-shaped 
configuration was found at the chiasm (Fig. 4G). Therefore, it is likely that the 
monocular enucleation does not affect the molecular environment as represented by 
the expressions of CSPGs. 
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DISCUSSION 
The present study has investigated the possible changes in the cellular 
organization of RC2 positive radial glia and SSEA-1 positive neurons, as well as the 
expressions of CSPGs at the chiasm after an early monocular enucleation in mouse 
embryos. Twenty-four hours after the monocular enucleation at E13, there is no 
obvious change of these specialized cells and molecules. These observations indicate 
that the reduction in uncrossed components after an early unilateral eye removal 
reported in previous studies (Godement 1987a, 1990; Chan et al., 1999) is not 
caused by changes either in the cellular context or the molecules residing in the 
chiasm, as shown in this study, but is likely caused by an elimination of binocular 
fiber interactions subsequent to the eye enucleation. 
Interactions of Retinal Axons with Guidance Cues for Divergence at the Mouse 
Chiasm 
Studies of the developing mouse retinofugal pathway have revealed that the 
tuming of uncrossed axons is mediated by an interaction with the cellular 
environment at the chiasm (Godement et al., 1990, 1994; Sretavan and Reichardt, 
1993; Wizenmann et al., 1993; Marcus et al., 1995; Wang et al., 1995). The 
interaction involves either a dampening of axon growth, or a pause in the advancing 
of axons before the midline, or both (Godement et al., 1994; Marcus et al., 1995; 
Chan et al., 1998). It has been proposed that the radial glia or the chiasm neurons 
expressing CD44/SSEA-1 probably elicit these inhibitory effects (Sretavan et al., 
1994; Marcus et al., 1995; Mason and Sretavan, 1997). Besides, the CSPGs at the 
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chiasmatic midline may be another candidate responsible for the tuming of axons 
(refer to previous chapters). 
It is suggested that the uncrossed axons express receptors for recognizing 
these inhibitory cues, thus responding and pausing before reaching the midline, 
whereas the crossed axons do not. Although the structure and function of these 
receptors are unknown, it is apparent that the subsequent signaling pathways are 
likely mediated by a membrane protein GAP-43. Pathfinding of axons in the chiasm 
of mice lacking GAP-43 expression is highly abnormal (Strittmatter et al., 1995; 
Kruger et al., 1998). One abnormality is that the normal turning of uncrossed axons 
from the ventral temporal retina is absent in the pathway development (Sretavan and 
Kruger, 1998). 
Binocular Interaction is Essential for Retinal Axon Pathfinding at the Optic 
Chiasm 
After encountering the inhibitory signals at the chiasmatic midline, 
uncrossed axons from the ventral temporal retina may selectively fasciculate with 
the crossed axons of the other eye and turn to the ipsilateral tract. This interaction 
with fibers from the opposite eye has been implicated in studies of elimination of 
one eye in mouse embryos at the time when most axons are approaching the chiasm, 
resulting in a reduced uncrossed pathway (Godement et al., 1987a，1990; Chan et al., 
1999). These observations indicate the routing of axons to the ipsilateral tract relies 
on an interaction of fibers from the two eyes at the chiasm. Removal of an eye 
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therefore eliminates the fasciculation of uncrossed axons with the crossed axons 
from the opposite eye. It has been shown that an incomplete eye removal would 
allow an apparently normal uncrossed pathway to develop in the mouse embryos. 
This may indicate that retinal axons can turn to the ipsilateral tract even in the 
presence of only a few crossed axons from a partially lesioned miniature eye 
(Taylor, 1996). It is important to examine all the enucleates in detail to ensure all the 
retinal tissues have been removed without eye remnants that would support the 
normal uncrossed projections. 
Furthermore, it is reported that early prenatal monocular enucleation would 
cause a differential effect on pathfinding of uncrossed axons at different stages. The 
late ipsilateral components from the ventral temporal retina are severely affected, in 
which a substantial reduction is seen at E15 and E16 mouse embryos after the eye 
removal at E13. In contrast, no obvious effect is found on those early ipsilateral 
projections arising from central retina (Chan et al., 1999). This differential effect on 
the uncrossed axons from central and ventral temporal retina could be explained by 
the hypothesis that those early uncrossed axons are not directed by any specific 
mechanism for their turning at the chiasm (Colello and Guillery, 1990; Chan and 
Guillery, 1993; Guillery, 1995), as they grow directly into the ipsilateral tract 
without first approaching the midline. In contrast to these earliest uncrossed axons, 
the routing of axons from the ventral temporal retina depends on specific controls at 
different loci of the retinofugal pathway, including the retina and the chiasm. At 
different retinal regions, retinal ganglion cells may be specified in such a way that 
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the cells in the ventral temporal retina are encoded with a surface property, which 
may be distributed in gradient, that distinguishes them from cells in the rest of the 
retina (Guillery, 1991; Chan and Guillery, 1993; Taylor and Guillery, 1995a). This 
specification is responsible for different growth responses of retinal axons to local 
guidance cues at the chiasm as discussed above. As shown in the retinofugal 
pathway of albino and hypopigmented animals, the population of ipsilaterally 
projecting cells is abnormally small. The deficiency in ocular pigment production in 
the retinal pigment epithelium is correlated with the reduced uncrossed projections, 
in which the retinal specification in the albinos is altered by the amount of ocular 
pigmentation. (Sanderson et al., 1974; LaVail et al., 1978; Guillery et al., 1987; 
Chan and Guillery, 1993). 
In embryos enucleated at E13, the growth cones of ventral temporal axons 
before reaching the midline of the chiasm accumulate, without crossing or tuming 
(Godement et al., 1990). The present study reveals that the cytoarchitecture at the 
chiasm is not affected after an early eye removal. These observations appear to 
support the idea that binocular interaction between the axons from both eyes is 
important for turning of the uncrossed axons. It is still possible that the monocular 
enucleation will cause indirect changes of guidance molecules expressed by these 
cellular elements, thus affecting the pathfinding of the uncrossed axons. It has been 
shown in rodents that the radial glial palisade at the chiasm expresses annexin, a 
substrate for the epidermal growth factor receptor tyrosine kinase (McKanna, 1992), 
and Eph family receptor tyrosine kinases (Marcus et al., 1996)，the latter are also 
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expressed by CD44/SSEA-1 neurons. In addition, the CD44/SSEA-1 neurons 
express MAP-2, 6-tubuIin and L1 (Sretavan et al., 1994). Recent findings indicate 
that the inverted V-shaped array of these neurons reminiscent the expression of a 
regulatory gene called Nkx-2.2, but they were positioned within the ventral part of 
the Nkx-2.2 expression domain (Marcus et al., 1999). On the other hand, the lack of 
changes in the expression of CSPGs after the eye removal indicates that they are 
unlikely to be the molecules that are affected by the enucleation. Providing CSPGs 
are participating in turning of the uncrossed axons at the chiasm, the present study 
shows the lack of changes subsequent to an eye removal in the molecular and 
cellular environment would probably further support the idea that the development 
of the uncrossed projection involves a critical interaction between the crossed 
projection of the opposite eye. 
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Figure 4 
Light micrographs showing the horizontal sections of the head in two C57 
mouse embryos at the age ofE14. The extent of the eye removal was checked in the 
sections of head in the enucleated embryos. The midline of the brain is indicated by 
the arrow. 'A' , Section of a control embryo, which contains retinas (R) and optic 
stalks (OS) on both sides and the ventral diencephalon (VD). 'B' , Section of the 
head in an one-eyed embryo at a slightly dorsal level to 'A'. The retina on the 
lesioned side (indicated by an asterisk) is completely removed, and there is no 
obvious distortion to other regions of the brain. 
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Figure 4 
Confocal images showing the RC2 immunopositive radial glial cells in 
frontal sections of the chiasm in E14 mouse embryos. The midline of the chiasm is 
indicated by the white arrow in these micrographs. 'A - C', The radial glial cells that 
are marked by the monoclonal antibody RC2 form a palisade flanking both sides of 
the midline (A). However, these immunopositive cells are not seen in the cellular 
region at the midline (indicated by the arrow in B) nor at the juncture of the optic 
stalk and the ventral diencephalon (marked by the asterisk in C). These radial glial 
cells span from the floor of the third ventricle to the pial surface of the brain. The 
processes of these cells ramify extensively (in B and C) when they penetrate into the 
retinal fiber layer in the subpial surface of the chiasm (marked by the bracket in A 
and by the 3A10 immunopositive fibers in D). 'E - F', The staining pattern of RC2 
immunopositive radial glial cells does not show obvious changes in the chiasm of 
one-eyed embryo. In this enucleate, the left eye (on the right of the image) was 
removed at E13. The radial glial cells are stained on both sides of the chiasm (F) and 
the midline region dorsal to the fiber layer is devoid of staining (E). The slight 
asymmetry in the floor of the third ventricle is a sectioning artifact. 
Scale bars, 'A and F' , 100 ^im; 'B, C and E' , 25 ^im; 'D', 100 fim. 
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Figure 3 
Light and confocal micrographs showing cells in the anterior hypothalamus 
stained with anti-SSEA-1 and the position of retinal axons in the chiasm of E14 
embryos. &i these horizontal sections, rostral is up and the arrow points to the 
midline of the brain. 'A' , A phase contrast image of the chiasm. OS, optic stalk; VD, 
ventral diencephalon. 'B' , At E14, anterograde filling of the retinal axons from both 
eyes with DiA (4-(4-(dihexadecylamino)styryl)-N-methylpyridinium iodide; 4-Di-
16-ASP from Molecular Probes) indicates that a substantial number of axons have 
passed through the optic stalk (OS), the chiasm and entered the optic tract (OT) in 
the mouse embryos. R, retina. 'C — F', The cells that express SSEA-1, which are 
seen 300 |im above the ventral pial surface (C), are distributed as two symmetrical 
masses in the caudal and lateral regions of the ventral diencephalon. In more ventral 
sections (D and E), these two groups of cells meet at the midline and form art 
inverted V-shaped structure in the rostral region of the diencephalon. At the rostral 
tip of this structure, one can find immunopositive cells and their processes that 
extend into the midline of the optic chiasm (F, marked by the arrowheads). ‘G and 
H' , Early eye removal does not cause obvious changes in this staining pattern in the 
ventral diencephalon; 'G' shows the SSEA-1 positive cells in a horizontal section of 
the ventral diencephalon and 'H' shows the appearance of these cells in a more 
ventral section. In this embryo, the left eye (on the left of these images) was 
removed at E13. 
Scale bars, 'A, B and E,, 250 ^im; 'C, D, G and H', 250 ^m; 'F ' , 25 [im. 
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Figure 4 
Confocal micrographs showing the ventral diencephalon stained with CS-56 
in the chiasm o f E 1 4 embryos. In the horizontal sections (A - D), rostral is up; while 
in the coronal sections (E - F), dorsal is up. The arrow points to the midline of the 
brain. 'A, C and E，，The expression of CSPGs, which are seen 300 ^m above the 
ventral pial surface (A), lines adjacent to the third ventricle and formed two arrays 
that align through the medial to lateral part of caudal regions of the ventral 
diencephalon. ]ta more ventral section (C), the CSPGs display as an inverted V-
shaped in the caudal region, and form a rostral extension along the midline. Coronal 
section shows that CSPGs are localized in the cells at midline and in the deep part of 
the retinal fiber layer (E). 'B, D and F，，The expressions of CSPGs do not show 
obvious changes in the chiasm after the early eye removal; 'B and D' shows the 
staining pattem of CSPGs in the horizontal sections of the ventral diencephalon, and 
‘F，is the coronal section of the chiasm after monocular enucleation, which shows 
the CSPGs positive cells at the midline. In these enucleates, the left eye (on the left 
of these images) was removed atE13. 
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CHAPTER 5 
GENERAL CONCLUSION 
The studies in this thesis have demonstrated the possible guidance 
mechanisms that control the development of retinal fiber order in the mouse 
retinofugal pathway. In the first study, the expression patterns of chondroitin sulfate 
proteoglycans (CSPGs) at the chiasm have been characterized in the developing 
mouse retinofugal pathway. Results suggest that CSPGs are responsible for different 
fiber reordering processes at different stages. During E12 to E14, CSPGs are 
probably involved in shaping and limiting the course of the earliest axons in the 
chiasm. It is observed that CSPGs are expressed at as early as E12 before the 
ingrowth of retinal axons at the chiasm. From E12 to E14, the staining pattem of 
CSPGs follows closely the distribution of neurons that express SSEA-1 in the 
chiasm, which forms an inverted V-shaped configuration at the caudal half of the 
ventral diencephalon. During E13 to E14, the CSPG expression is particularly strong 
at the midline, which suggests a possible role in the development of the partial 
decussation. At a later stage of development (E15 to E16), the expression of CSPGs 
at the midline is reduced gradually, but the expression in the postmidline chiasm and 
the optic tract is increased when most axons are growing through this region of the 
chiasm. This distinct distribution therefore suggests a role of CSPGs in regulating 
the development of chronotopic and retinotopic fiber order which have been shown 
to take place at these segments of the mouse retinofugal pathway. 
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In the next study, it is noted that the removal of CSPGs using chondroitinase 
ABC results in abnormal patterns of axon routing at the chiasm. At E13, many 
retinal axons deviate from their normal course at the chiasm after enzymatic removal 
of CSPGs, and numerous axons go astray to inappropriate regions in the ventral 
diencephalon. Together with the findings showing CSPGs are likely to be expressed 
in the chiasm neurons expressing SSEA-1, it is suggested that this proteoglycans are 
involved in patterning the course of early retinal axons in the chiasm. At E14, the 
partial decussation pattern at the pre-midline chiasm is severely affected that no 
uncrossed axons were found in the embryos examined. Examination of morphology 
of the retinal growth cones demonstrates a significant increase in area in both pre-
and post-midline chiasm at both E13 and E14, indicating that axons respond 
differently in the absence of CSPGs at the chiasm such that the changes are reflected 
by the increase in complexity of the growth cone morphology. Taken together, these 
observations suggest that CSPGs are responsible for the segregation of retifial axons 
in the mouse retinofugal pathway according to their ages and retinal position. 
In addition to the studies on the interactions of axons with guidance 
molecules at the chiasm, we have also addressed whether an early monocular 
enucleation produces degenerative changes in cellular elements at the chiasm, which 
may underlie the reduction of the uncrossed retinal projection as reported in 
previous enucleation studies (Godement 1987a, 1990; Chan et al., 1999). It has been 
shown after the early monocular enucleation at E13, the cytoarchitectures of RC2 
positive radial glia and SSEA-1 positive neurons at the chiasm are not changed 
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significantly. The expression patterns of CSPGs in the midline of the chiasm and in 
the caudal part of the ventral diencephalon do not show any obvious difference when 
compared with the pattern in controls. This lack of changes in the cellular and 
molecular organization at the chiasm leads to the conclusion that the reduction of the 
uncrossed pathway is probably produced by an elimination of binocular fiber 
interactions at the chiasm, rather than by degenerative changes of the cellular 
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